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STELLINGEN ONTVANGEN 
1. "Festuoa leaf streak virus" is een rhabdovirus. 0 ' ' ' i i 
Dit proefschrift. ' 1 
2. Het onderscheid tussen planterhabdovirussen en dierlijke rhabdcGB4$A$8£9( 
heeft geen taxonomische betekenis. 
3. Evertebraten zijn in evolutionaire zin de oudste en waarschijnlijk nog 
steeds de belangrijkste gastheren van rhabdovirussen. 
4. De bewering van Bassi en medewerkers dat de replicatie van "Barley 
striate mosaic virus" plaatsvindt in het cytoplasma, wordt niet onder-
steund door hun resultaten. 
M. Bassi, N. Barbieri, A. Appiano, M. Conti, G. d'Aghostino and 
P. Caciagli (1980). J. Submiarosa. Cytol. 12, 201-207. 
5. Het is waarschijnlijk dat de eiwitband van "maize mosaic virus" met een 
elektroforetische loopsnelheid gelijk aan die van het Mg eiwit van het 
SYDV-NY-isolaat van "potato yellow dwarf virus" het M2 eiwit van "maize 
mosaic virus" is, en geen gastheereiwit. 
B.W. Falk and J.H. Tsai (1983). Phytopathology 73, 1536-1539. 
6. Het is onjuist om met de "Abbott-formule" te corrigeren voor de sterfte 
in de onbehandelde groep, als die sterfte is veroorzaakt door het patho-
geen dat wordt bestudeerd. 
K.E. Flatterey (1983). Ann. Appl. Biol. 102, 301-304. 
7. De conclusies van Burand en medewerkers, betreffende de temporele regulatie 
van de cellulaire virusspecifieke eiwitsynthese van het baculovirus van 
Heliothis zea, zijn gebaseerd op resultaten van proeven die voor dat doel 
ongeschikt zijn en daarom waardeloos. 
J.P. Burand, B. Stiles and H.A. Wood (1983). J. Virol. 46, 137-142. 
8. Aangezien de binding van ouabaïne aan de Na-K-pomp in de aanwezigheid van 
20 mM K+al sterk is gereduceerd, valt niet te verwachten dat ouabaïne in 
de aanwezigheid van 24 mM K+de activiteit van de buizen van Malpighi van 
insekten zal remmen. De conclusies van Meredith en medewerkers zijn daarom 
aan bedenkingen onderhevig. 
J. Meredith, L. Moore and G.G.E. Scudder (1984). Am. J. Physiol. 246, 
R705-R715. 
A.L. Rubin, A.F. Clark and W.L. Stahl (1981). Bioohim. Biophys. Acta 
649, 202-210. 
9. In tegenstelling tot hetgeen ze beweren, hebben Barker en Harrison niet 
bewezen dat het aardappel-Y-virus in protoplasten repliceert. 
H. Barker and B.D. Harrison (1984). Ann. Appl. Biol. 105, 539-545. 
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Chapter I General introduction 
Preface. Animal rhabdoviruses, especially vesicular stomatitis 
virus (VSV) , have been and continue to be the subject of 
intensive study by several groups of researchers. Those studies 
have benefitted from the availability of cell lines in which VSV 
grows rapidly to high titer, and detailed knowledge now exists 
on various aspects of the biochemistry of animal rhabdovirus 
infections. No such system was available for plant rhabdoviruses. 
Their study has been hampered and, in many aspects, has not left 
the descriptive phase. It would be unwise, therefore, to 
disregard the findings in animal rhabdovirus research, while 
introducing this thesis. 
This chapter summarizes the knowledge of plant rhabdoviruses, 
emphasizing cytopathology and protein chemistry. Sonchus yellow 
net virus (SYNV) and Festuca leaf streak virus (FLSV) are 
specifically reviewed. Knowledge of animal rhabdoviruses is 
contrasted when necessary to promote comprehensability. 
In the last paragraph of this chapter, the aims and approaches 
of this study are outlined. 
Taxonomie classification of rhabdoviruses. The family 
Rhabdoviridae includes members that can infect either 
vertebrates, invertebrates or plants. Invertebrates in many 
cases have been shown to act as vectors for the virus. 
The International Committee on Taxonomy of Viruses has 
approved two genera for the Rhabdoviridae (Matthews, 1982): the 
genus Vesiculovirus with VSV (Indiana serotype) as type species 
and the genus Lyssavirus with rabies virus as type species. 
Both genera contain members that infect vertebrates and 
invertebrates. Thirty-seven viruses which have been isolated 
from vertebrates or invertebrates have not yet been characterized 
physicochemically and are listed as probable members of the 
Rhabdoviridae. 
Some plant viruses have been approved as members of the 
Rhabdoviridae, but no genera have been established. The plant 
rhabdoviruses are tentatively classified into subgroups. Subgroup 
A consists of the type species lettuce necrotic yellows virus 
(LNYV), broccoli necrotic yellow virus (BNYV), Sonchus virus 
(SV), and wheat streak mosaic virus (WSMV). Subgroup B consists 
of the type species potato yellow dwarf virus (PYDV), eggplant 
mottled dwarf virus (EMDV), sowthistle yellow vein virus (SYW), 
and SYNV. Twenty-nine plant viruses that have been transmitted 
experimentally are listed as probable members of the 
Rhabdoviridae. Thirty-eight plant viruses not yet transmitted 
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experimentally are listed as possible members of the 
Rhabdoviridae. This group Includes FLSV which is under study in 
chapter IV of this thesis. Chapters II, III, and V deal with 
SYNV, classified in subgroup B. 
Ultrastructure of virus particles. Under the electron 
microscope rhabdoviruses are easily recognized by their form and 
structure. Artifacts caused by fixation and staining procedures, 
however, may lead to erratic results as discussed by Francki 
(1973) and Francki & Randies (1975). 
The form of rhabdoviruses is, in general, bacilliform. 
Particles vary in length from 130 to 380 nm and in width from 
50 to 95 nm. Cross sections reveal an electron-dense core 
containing an electron-translucent axial channel. The core is 
surrounded by an envelope with surface projections. In negative 
stained preparations the helically wound RNA-protein complex 
that forms the core, gives the virus particles a characteristic, 
banded appearance. 
Particles of SYNV measure 248x94 nm, show an internal cross 
striation with a periodicity of 4.1 nm, and carry projections on 
the outer envelope 6 nm in length (Jackson & Christie, 1977; 
1979). Particles of FLSV measure 330x61 nm (Lundsgaard & 
Albrechtsen, 1976; 1979). 
Cytopathology and morphogenesis of virus particles. Electron 
microscopists have spent much time on plant rhabdoviruses and 
numerous reports on the cytopathology have been published. Due 
to draw-backs inherent in studying tissues containing cells in 
various stages of infection, little evidence has been gathered 
on either the localization of the various stages of infection in 
the cell or on the sequence of events in virus multiplication. 
Two notable exceptions consist of attempts to determine the site 
of replication with the aid of tritiated uridine. With this 
method Wolanski & Chambers (1971) studied the multiplication of 
LYNV and Bassi et al. (1980) studied the site of barley yellow 
striate mosaic virus (BYSMV) replication. 
The assembly of animal rhabdoviruses takes place in the 
cytoplasm at either intracytoplasmic membranes or the plasma 
membrane, depending on the host cell type, the type of virus, 
and the stage of infection (Wagner, 1975). Assembly of animal 
rhabdoviruses at the inner nuclear membrane has never been 
reported. However, the nucleus seems to be involved in the 
replication of rabies virus as this virus does not replicate in 
enucleated cells (Wiktor & Koprowski, 1974). 
Reviewers have grouped plant rhabdoviruses into three 
categories with respect to their morphogenesis (Francki & 
Randies, 1979; Francki et al., 1981; Peters, 1981; Jackson et 
al., 1986). This grouping is based on the cellular sites of 
assembly and accumulation of the viruses. 
The first group (EMDV, PYDV, SYNV) includes viruses that 
assemble at the inner nuclear membrane and accumulate in the 
perinuclear space. The second group (LNYV, BNYV, maize sterile 
streak virus) consists of viruses characterized by assembly at 
intracytoplasmic membranes and accumulation in endoplasmic 
reticulum vesicles. Distinct structures, called viroplasms, are 
often seen in cells infected with these viruses. The third group 
(BYSMV, northern cereal mosaic virus (NCMV), FLSV) includes 
viruses that assemble in the cytoplasm at membranes surrounding 
viroplasms and accumulate in vesicles. 
A complication, however, is the existence of viruses that 
share properties of different groups. Such viruses are maize 
mosaic virus (MMV), oat striate mosaic virus, and WSMV, all 
viruses infecting monocotyledons. Moreover, rice transitory 
yellowing virus, a virus that accumulates in the perinuclear 
space in plant hosts, has been reported to accumulate in the 
cytoplasm of its insect vector (Chen & Shikata, 1972). The 
reverse situation exists for LNYV (O'Loughlin & Chambers, 
1967) and, possibly for BYNV as well (Garrett & O'Loughlin, 
1977). Recently, Ammar & Nault (1985) reported that in salivary 
glands of its planthopper vector, MMV assembled at the inner and 
outer nuclear membranes, intracytoplasmic membranes, and the 
plasma membrane of cells. Budding at the plasma membrane has, 
thusfar, only been reported for animal rhabdoviruses. 
Apparently, both for plant and animal rhabdoviruses, the 
site of assembly and accumulation is governed, to some extent,by 
the host, and, therefore, the grouping as outlined above is 
questionable. However, for practical purposes, I will employ 
this division in discussing the morphogenesis of plant 
rhabdoviruses and their cytopathological effects. 
The cytopathology of EMDV, characteristic of viruses of the 
first group, has been thoroughly investigated. Virions mature 
at the inner nuclear membrane and accumulate in the perinuclear 
space. Virus particles are also found in the cytoplasm within 
membranous cisternae that are probably derived from smooth 
endoplasmic reticulum. The nucleus seems to be the only organelle 
that is seriously affected as it shows depletion of chromatin and 
a uniform granular nucleoplasm (Martelli, 1969; Martelli & 
Castellano, 1970; Russo & Martelli, 1972; Martelli & Russo, 
1973). 
The cytopathology of SYNV has not been studied extensively, 
but the virions have been shown to accumulate in the perinuclear 
space (Christie et al., 1974; Christie & Edwardson, 1978; 
Jackson & Christie, 1979). Bacilliform particles have also been 
found in viruliferous aphids, Aphis coreopsidis (Thomas), but 
detailed examination has not been carried out (Christie et al., 
1974). 
Studies on the cytopathology of PYDV in plant tissue (MacLeod 
et al., 1966), in its insect vector (Black, 1979), and in a 
leafhopper cell culture (Chiu et al., 1970) have been conducted. 
These studies reveal, in essence, the same cytopathological 
features as mentioned for EMDV. The infection of a leafhopper 
cell culture, because of its synchronity, should have enabled the 
study of the developmental stages of PYDV. However, no such study 
has appeared, probably because of the low incidence of infected 
cells (1-5%) in the culture (Chiu et al., 1970; Black, 1979). 
In plants infected with Gomphrena virus (Kitajima & Costa, 
1966), Melilotus latent virus (Kitajima et al., 1969), and 
clover enation virus (Rubio-Huertos & Bos, 1969) large numbers 
of rod-shaped structures, presumably pre-coiled nucleocapsid 
strands, have been noticed to occur within the nuclei. Based on 
these observations, Francki (1973) has developed a model for 
the assembly of viruses that mature at the inner nuclear 
membrane. He suggests that precoiled nucleocapsids move from the 
interior of the nucleus towards the inner nuclear membrane where 
they acquire their envelope by budding. Mature particles are 
subsequently released into the perinuclear space. From there, 
virus particles can spread through the cell by way of the 
endoplasmic reticulum lumen which is a continuation of the 
perinuclear space. The hypothesis that precoiled nucleocapsids 
acquire an envelope is challenged by Peters & Schulz (1975). 
These authors postulate that the assembly of animal as well as 
plant rhabdoviruses occurs by simultaneous coiling and 
envelopment of the nucleocapsid strands. 
The cytopathology of plants infected by viruses belonging 
to the second group has been investigated by Wolanski & Chambers 
(1971) for Nicotiana glutinosa infected with LNYV. Early 
incorporation and accumulation of labeled uridine in the 
nucleus was determined at the same time that blistering of the 
outer nuclear membrane occurred and that spherical vesicles were 
released into the perinuclear space. The amount of label in the 
nucleus decreased rapidly after day five and from day seven 
onwards the label was evenly distributed between the nucleus and 
the cytoplasm. From day seven virions were found lying free in 
the cytoplasm, often close to a viroplasm, and particles were 
found in the stage of budding at intracytoplasmic membranes. 
Late in the infection, degeneration of some virions was observed. 
Particles lost their envelope and, thereafter, resembled cores. 
The authors concluded from these observations that the nucleus 
was involved in early stages of infection (day 5 to 7). They 
suggested that RNA replication might occur in the nucleus, but, 
that the assembly and envelopment of the virions occurred in the 
cytoplasm. 
The cytopathology of plants infected by viruses of the 
third group has been studied with BYSMV (Conti & Appiano, 1973; 
Bassi et al., 1980) and NCMV (Toriyama, 1976). BYSMV particles 
bud at the membranes that enclose viroplasms and, therefore, are 
thought to originate from viroplasms. Aggregates of virus 
particles are found in the cytoplasm enclosed in vesicles that 
may have been derived from endoplasmic reticulum membranes 
(Conti & Appiano, 1973). Bassi et al. (1980) identified the 
cytoplasm as the site of virus replication and conclude that, 
unlike the situation in LNYV infection, the nucleus is not 
involved. Based on their morphological and autoradiographic 
data, the authors proposed the following sequence for the 
multiplication of BYSMV: Shortly after inoculation, long before 
macroscopic or microscopic symptoms of infection are visible, 
host cell RNA synthesis is depressed and viral RNA synthesis 
starts in the cytoplasm. After twelve days, when macroscopic 
symptoms indicate that the infection is well established, viral 
RNA synthesis reaches its maximum. Virus particles and viroplasms 
are found in the cytoplasm. Thereafter, the plant and the virus 
RNA synthesis establish an equilibrium and the plant enters the 
chronic phase of the disease. The authors also opine that the 
bulk of the viroplasm material consists of protein since it is 
never labeled with uridine and could be readily digested by 
pronase treatment in situ. 
The multiplication of NCMV (Toriyama, 1976) and FLSV 
(Lundsgaard & Albrechtsen, 1979) is regarded to be very similar 
to that of BYSMV since membrane-bound viroplasms occur in 
infected cells. However, Toriyama (1976) reported that a membrane 
surrounding viroplasms was observed rarely. The latter author 
noticed as marked phenomena the proliferation of Golgi vesicles 
in infected cells and the abundant occurrence of rod-shaped 
structures, presumably coiled nucleocapsids. These structures 
were found stacked between membrane proliferations that 
invaginate the vacuole or in close association with the 
tonoplast. 
Chemical composition of virus particles. Due to difficulties 
inherent in the separation of plant rhabdoviruses from host 
components, only a few plant rhabdoviruses have been investigated 
chemically. They contain RNA (2-3%), protein (about 70%), lipid 
(20-25%) and carbohydrate in an unknown amount (Jackson et al., 
1986). The relative amounts are similar to those determined for 
VSV and other animal rhabdoviruses (Wagner, 1975). 
The RNA consists of a linear single stranded molecule of 
negative polarity. The molecular weight is about 4x10°, 
corresponding to 11,000-13,000 nucleotides. The deproteinated 
rhabdovirus RNAs tested thusfar were all non-infectious, which 
is in accordance with the negative polarity assigned to the 
genome (Francki & Randies, 1979). Among plant rhabdoviruses, 
only the RNA of SYNV has been the subject of more detailed 
investigations. Currently, the determination of the nucleotide 
sequence of genomic SYNV-RNA is in progress (Jackson et al., 
1986). 
The polypeptide patterns of plant rhabdoviruses, as revealed 
by gel electrophoresis, resemble either that of VSV or that of 
rabies virus and, therefore, the nomenclature of animal 
rhabdoviruses has been adopted. In the order of decreasing 
molecular weight, VSV contains L, G, N, NS, and M protein and 
rabies virus L, G, Ns M]_, and M2 protein. The M^ protein of 
rabies virus seems to be functionally related to the NS protein 
of VSV and, therefore, in recent literature, it is sometimes 
referred to as NS protein (Wunner et al., 1985). As a consequence 
the M2 protein of rabies is then designated the M protein. 
A brief description of the structural proteins of 
rhabdoviruses and their properties follows: 
-the nucleocapsid (N) protein. This major structural protein is 
tightly associated with the virus RNA, forming a complex that is 
RNase resistant (Soria et al., 1974). Although the N protein 
itself may not possess enzymatic activity, its presence has been 
shown to be necessary for transcription (Hunt et al., 1979) and 
replication (Arnheiter et al., 1985). 
-the large (L) protein, is associated with the ribonucleoprotein 
strand. It has been demonstrated to be involved in RNA 
transcription (Belle Isle & Emerson, 1982; De & Banerjee, 1984), 
and forms together with the NS protein the RNA-dependent RNA 
polymerase (Emerson & Yu, 1975). 
-the non-structural (NS) protein. The name of this protein is 
misleading since it is found in the virion. Quantities are, 
however, small in relation to the amount that is found in 
infected cells. The NS protein is phosphorylated and its binding 
to RNA depends on the degree of phosphorylation (Clinton et 
al., 1978). The M]^  protein of rabies has properties very similar 
to the NS protein of VSV. It is associated with the virus RNA, 
and two species, different in their degree of phosphorylation, 
can be resolved by gel electrophoresis (Wunner et al., 1985; 
Dietzschold et al., 1979). These findings strongly suggest that 
the M^ protein of rabies is functionally related to the NS 
protein of VSV. 
-the matrix (M) protein. This protein, called M2 protein in the 
literature of rabies virus, is associated with the interior of 
the envelope. It is a highly hydrophobic protein (McSharry, 
1979) that regulates the transcription of VSV (Clinton et al., 
1979; Carroll & Wagner, 1979). 
-the glycosylated (G) protein. This protein spans the envelope 
of the virion and protrudes from the exterior, forming surface 
projections. The G protein contains about 10% carbohydrate and 
plays an important role in assembly of virions (Wagner et al., 
1984). 
The protein composition of several plant rhabdoviruses has 
been analyzed by Polyacrylamide gel electrophoresis of purified 
virus suspensions. In general, interpretation of the results is 
obstructed by the presence of additional polypeptide species, 
including host contaminants, degradation products, or polymers 
of virus proteins. Identification of viral proteins is done by 
comparison with protein patterns of animal rhabdoviruses and by 
localization of the proteins in virus particles. 
Studies performed by several authors indicate that plant 
rhabdoviruses can be divided into two classes, according to 
their protein composition. One group consists of viruses with a 
protein composition corresponding to that of the vesiculoviruses 
and includes LNYV, SV (Dale & Peters, 1981), BYNV (Peters et 
al., 1978),MMV (Falk & Tsai, 1983), and tomato vein yellowing 
virus (El Maataoui et al., 1985). The other group, corresponding 
in protein composition to the lyssaviruses, includes SYNV, SYW, 
EMDV (Dale & Peters, 1981), and PYDV (Adam & Hsu, 1984; Falk & 
Weathers, 1983). 
In viruses of the first group, when subjected to gel 
electrophoresis, the G, N, and M proteins are easily detected, 
but the detection and identification of the L and NS proteins is 
uncertain. Circumstantial evidence for their presence in LNYV has 
been presented by Dale & Peters (1981). They found, after 
disruption of the virus particles with a detergent, two minor 
polypeptide species in the insoluble fraction that also contained 
the N protein. Therefore, these minor polypeptides, with 
molecular weights of 170,000 and 38,000, are supposed to be 
the L and NS proteins, respectively. 
From viruses of the second group, the G, N, M^, and M2 
proteins are easily resolved by gel electrophoresis. The presence 
of the L protein has not yet been unequivocally demonstrated, 
although its existence is predicted by the detection of a 
viral-specific nucleotide transcript, with coding capacity for 
the L protein, in plants infected with SYNV (Rezaian et al., 
1983) . Studies undertaken to distinguish the M proteins with 
respect to their location in the virus failed to provide the 
answer unambiguously. From their study on SYNV particles, 
dissociated by treatment with a detergent, Dale & Peters (1981) 
conclude that the M2 protein is associated with the viral 
nucleocapsid and the M^ with the envelope. Jackson (1978), 
however, concludes the opposite from his results. He could 
demonstate by in vitro peroxidase labeling of the proteins of 
SYNV that the M]^  protein was likely to be associated with the 
nucleocapsid since it was protected from labeling and the M2 was 
not. Ziemiecki & Peters (1976) failed to distinguish between 
the M proteins of SYW using this technique. 
The lipid composition of SYNV has been investigated in 
detail and has been shown to differ considerably from that of 
VSV and rabies virus. The differences, however, generally 
reflect the differences that exist between plant nuclear 
membranes and animal cytoplasmic membranes (Selstam & Jackson, 
1983; Jackson et al., 1986). 
Multiplication of the virus. Rhabdoviruses contain RNA of 
negative polarity, and therefore, transcription of viral RNA 
into mRNA is a prerequisite for protein synthesis. In studies on 
VSV it has been shown that the N protein-encapsidated genome 
serves as a template and that the L, with the help of the NS 
protein acts as RNA-dependent RNA polymerase (Wagner et al., 
1984). Transcription begins at the 3' terminus of the genome and 
produces a complementary nucleotide sequence, called leader RNA 
(Colonno & Banerjee, 1977; Abraham et al., 1976), and five mRNAs 
for the N, NS, M, G, and L proteins in decreasing molecular 
ratios (Villareal et al., 1976). The five mRNAs become capped 
and polyadenylated (Rhodes et al., 1974; Banerjee & Rhodes, 
1976). Translation of G protein mRNA occurs on 
membrane-associated polyribosomes, the other proteins are 
synthesized on cytoplasmic polyribosomes (Morrison & Lodish, 
1975). Replication starts with read-through transcription of the 
entire genome, resulting in RNA of positive sense. This RNA, when 
associated with N protein, serves as template for the synthesis 
of progeny genomic RNAs (Wertz, 1980). Virus multiplication is 
completed by the assembly of virus particles at cytoplasmic 
membranes, which are modified by the insertion of glycosylated G 
protein, and release of mature particles (Wagner et al., 1984). 
Due to many problems encountered in in vivo labeling of 
viral products, the biochemistry of plant rhabdoviruses has 
received only limited attention. 
Transcriptase activity has been demonstrated to be associated 
with LNYV (Francki & Randies, 1972; 1973; Toriyama & Peters, 
1980), BNYV (Toriyama & Peters, 1981), SYNV (Flore & Peters, 
1981; Flore, 1986), and SV (Peters et al., 1978) in in vitro 
studies. 
Tobacco leaves infected with SYNV contain virus-specific 
transcripts that are complementary to more than 95% of the virus 
genome (Milner & Jackson, 1979). These putative mRNAs are 
polyadenylated and associated with polyribosomes, a substantial 
amount with membrane-bound polyribosomes (Milner et al., 1979; 
Milner & Jackson, 1983). Four fractions of RNA, ranging from 
1200 to 1600 nucleotides in size, have been detected.They 
represent five RNA species, complementary to the viral RNA, and 
possess coding capacity for the five SYNV proteins (Rezaian et 
al., 1983). The leader RNA is thought to play a role in 
regulating the transcription and replication of VSV (Wagner et 
al., 1984). The nucleotide sequence of the leader RNA of SYNV has 
been determined. This RNA is nearly three times the length of 
those of VSV (Indiana serotype), rabies virus, and spring 
viremia carp virus (Jackson et al., 1986). 
Alms of the investigations and approaches. As outlined in the 
foregoing, the knowledge on plant rhabdoviruses is fragmentary. 
Their study has been hampered in many instances by lack of a 
system that enables the synchronous infection of large numbers 
of cells. Isolated plant protoplasts have been proven to be 
extremely useful for the study of many plant viruses (for a 
recent review on this topic see: Sander & Mertens, 1984). For 
the experimentator the advantages over intact plants consist of: 
(1) the availability of plant protoplasts of a constant quality 
throughout the year, (2) the ability to harvest protoplasts that 
are homogeneous with respect to their stage in infection, and (3) 
the possibility to conduct pulse chase experiments with labeled 
precursor compounds and specific inhibitors. 
Such a system was not available for plant rhabdoviruses. An 
attempt of Riesterer & Adam (1981) resulted in low numbers of 
infected protoplasts (8%). Insect cell lines, possessing 
potentially the same advantages as protoplasts, proved to be 
inefficient with respect to their ratios of cells that became 
infected (Black, 1979). 
We infected cowpea protoplasts with SYNV and FLSV by the 
inoculation with polyethylene glycol, a membrane fusogenic 
compound. The inoculation with SYNV is characterized in Chapter 
II. 
The aim of our investigations was to use this system to 
elucidate the morphogenesis of plant rhabdoviruses by defining 
the various processes, their sequence, and location in the cell. 
Therefore, with the aid of tunicamycin, a specific inhibitor of 
protein glycosylation, we studied the morphogenesis of SYNV by 
electron microscopy (Chapter III). We contrasted this study by 
ultrastructural investigations on FLSV in protoplasts of the 
same host, as this virus was supposed to assemble at a site 
different from that of SYNV (Chapter IV). 
To interpret the observations made by electron microscopy in 
detail, it was necessary to support our study with biochemical 
investigations. Virtually no knowledge exists on the protein and 
RNA synthesis of plant rhabdoviruses. Therefore, the in vivo 
protein and RNA synthesis had to be characterized, before 
investigations on specific processes could be considered. The 
results of the study on RNA synthesis are not included in this 
thesis, since this study is not completed. An overview of the 
protein synthesis of SYNV is presented in Chapter V. 
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SUMMARY 
The conditions favouring the infection of cowpea mesophyll protoplasts by Sonchus 
yellow net virus (SYNV) were determined. When 3 x 1Û6 protoplasts were inoculated 
with 60 ug SYNV in 40% polyethylene glycol, 3 mM-CaCl, at room temperature, over 
90% of the surviving protoplasts became infected. Infectivity tests showed that the 
virus could be detected 12 h after inoculation. 
INTRODUCTION 
Little is known about the biochemistry of the infection processes of plant rhabdoviruses 
because systems have not been developed for infecting many plant cells synchronously. Some 
plant rhabdoviruses can be grown in insect cell lines (Peters & Black, 1970; Chiu et al., 1970; 
Hsu & Black, 1973a, b, 1974) but for studying the plant cell processes isolated plant protoplasts 
would seem to be the most suitable experimental system. However, the only report of successful 
infection to date is that of Riesterer & Adam (1981) who were able to infect up to 8% of tobacco 
protoplasts inoculated with potato yellow dwarf virus mixed with poly-L-ornithine. 
As rhabdovirus particles possess a membrane, we decided to inoculate protoplasts in the 
presence of polyethylene glycol (PEG) because of the capacity of this compound to enhance 
membrane fusion (Kao & Michayluk, 1974). In this paper we describe the PEG-mediated 
infection of cowpea protoplasts with Sonchus yellow net virus (SYNV). 
METHODS 
Virus purification und storage. SYNV. obtained from Dr D. Peters of this laboratory, was propagated in either a 
Nicoiiana hybrid ( A', clcielundii x N. glutinosa ; Christie, 1969) or A', glutinosa. Virus purification was by a method 
developed by Dr D. Peters (personal communication). Leaves showing characteristic symptoms 8 to 12 days after 
inoculation were used for virus purification. Leaf tissue (100 g) was ground for about 10 s in 300 ml buffer (001 M 
Tris HCl pH 80, 001 M-Na,SO,) in a Waring Blender. The homogenate was then filtered through cheesecloth 
and the extract wascentrifuged at 6000 g for 15 min. The supernatant fluid was then mixed with 50gcelite(Hyflo 
supercel :Serva, Heidelberg, F.R.G.) and the resultant slurry was filtered in a Büchner funnel through a cushion of 
20 g celite and washed with the buffer until the filtrate was clear. The filtrate was then centrifuged at 12500 ^  for 
75 min. The pellet was resuspended in 4 ml 001 M-Tris-HCl pH 7-4 and the suspension layered on a 5 to 30% 
gradient of sucrose in the same buffer and centrifuged at 27000 r.p.m. for 25 min, using a SW28 rotor in a 
Beekman L5-65 centrifuge. The band of the virions, which had sedimented at approximately 2/3 of the length of 
the tube, was removed and diluted with 2 vol. buffer. The virus was then pelleted at 15000 # for 75 min and 
resuspended in 2 ml buffer. 
The virus concentration was estimated to have the same value as the protein concentration which was 
determined according to Lowry el al. (1951). The virus was stored under liquid nitrogen after DMSO had been 
added as a cryoprotectant in five equal amounts at 2 min intervals to a final concentration of 10%. 
Nucleoprotein particles of SYNV were prepared by incubating freshly prepared virus in 3 vol. 40% 
polyethylene glycol (PEG, mol. wt. about 6000) for 30 min on ice. After sixfold dilution with 001 M-Tris-HCI 
t Present address: Boyce Thompson Institute for Plant Research at Cornell University, Tower Road, Ithaca, 
N Y . 14853, U.S.A. 
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pH 7-4, nucleoprotein particles were pelleted by centrifugation at 100000 £ for 45 min. The pellet was resuspended 
in a small volume of buffer and used immediately. Electron microscopic examination did not show any enveloped 
particles. 
Preparation of protoplasts. Plants were grown and mesophyll protoplasts were isolated essentially as described by 
Hibi et al. (1975) with the following modifications. Seeds of Vigna unguiculata (L.) Walp. 'California Blackeye', 
were germinated in moistened vermiculite at 20 °C in the dark. After 3 days, the seedlings were placed in pots in 
Hoagland solution and illuminated for 14 h at 12 500 lx, supplied by eight fluorescent tubes (Philips, TLD 38W/83) 
and two incandescent tubes of 120 W (Philips, Philinea) at 28 ± 1 °C and kept in the dark for 10 h at 22 ± 1 °C 
each day. The relative humidity generally exceeded 70%. The lower epidermis was peeled from primary leaves of 
8- to 10-day-old plants, and leaf halves were floated in pairs on 10 ml 0-5% Cellulase Onozuka R-10 (Yakult 
Pharmaceutical Industry Co., Japan) and 005% Macerozyme R-10 (Yakult Pharmaceutical Industry Co.) in 
0-5 M-mannitol (BDH) pH 5-6. After 3-5 h at 27 °C, the dishes were shaken to loosen the protoplasts and the 
mixture was filtered through a 150 mesh stainless steel filter. Protoplasts were collected by centrifugation at 60 £ 
for 5 min, washed twice with 0-5 M-mannitol and counted in a haemocytometer. Preparations in which fewer than 
80% of the protoplasts were morphologically intact were discarded. 
Inoculation of protoplasts. Unless stated otherwise, inoculation was done essentially as described by Dawson et 
al. (1978) and modified by Maule et al. (1980), further referred to as the standard inoculation procedure. 
Protoplasts (3 x 10") were spun down and the pellet was resuspended in 100 ul of virus suspension(15 ulSYNVat 
4mg/ml in 001 M-Tris-HCl pH 7-4, containing 10% DMSO, and 85 ul 0-59 M-mannitol) kept on ice for 5 to 
15 min, mixed with 1 ml 40% PEG (mol. wt. about 6000, carbowax, fa Heybroek, Amsterdam, The Netherlands) 
containing 3 mM-CaCU for about 10 s and then diluted with 9 ml 0-5 M-mannitol, containing 01 mM-CaCK. After 
15 min, protoplasts were centrifuged at 50g, washed once with 0-6 M-mannitol and twice with 0-5 M-mannitol; 
each solution contained 01 mM-CaCl,. Inoculation was usually at room temperature. Mock inocula contained 
SYNV that had been inactivated by being heated for 15 min at 60 °C. 
Incubation of inoculated protoplasts. After the third washing, the protoplasts (usually between 1 x 106and 1-5 x 
10") were resuspended in 1-5 ml of the incubation medium used by Aoki & Takebe (1969), except that the 
concentration of mannitol was 0-5.M, and 6-benzyladenine and antibiotics were omitted. The protoplasts were 
kept at 25 °C in continuous light at about 2500 lx. Approximately 18 h after inoculation 5 ug/ml Chlortetracycline 
or 10 ug/ml gentan*tein were added. 
Infectivity assays. Protoplasts were centrifuged and 100 ul 001 M-Tris-HCl pH 7-4 was added to protoplast 
pellets containing about 3 x 105 living protoplasts. Samples were stored under liquid nitrogen, thawed and 
triturated in a roughened watch-glass and assayed on two carborundum-dusted Chenopodium amaranticolor plants 
(5 to 6 weeks old, three leaves/plant). Lesions were counted 12 days after inoculation. Alternatively, protoplast 
pellets of about 2 x 10s living protoplasts were mixed with 200 u.1 buffer and inoculated to two Nicotiana hybrid 
plants (4 weeks old). Three weeks after inoculation, plants were assessed on the appearance of the characteristic 
symptoms of SYNV. 
Electron microscopy. Protoplasts were fixed, embedded, sectioned and stained as described by Rezelman et al. 
(1982), except that the prefixation was in 2%glutaraldehyde, 0-1 M-sodium phosphate, pH 7, in 0-5 M-mannitol for 
1 h at 4 "C, and that acetone was omitted from the dehydration procedure. All steps after prefixation were at room 
temperature. 
Fluorescent antibody staining of protoplasts. Ethanol-fixed protoplasts were covered with a drop of a 1/500 
dilution of SYNV antiserum (titre 1/64) and kept for 1 h at 37 °C. Protoplasts were then washed and covered with a 
drop of a 1/40 dilution of fluorescein isothiocyanate (FITC)-conjugated horse anti-rabbit serum (Central 
Laboratory of The Netherlands Red Cross Blood Transfusion Service) for 1 h at 37 °C. After washing, the 
protoplasts were mounted in glycerol (9:1 with phosphate-buffered saline containing 10 ug/ml /7-phenylenedi-
amine dihydrochloride as a fluorescence enhancing agent) and the proportion of about 200 protoplasts that were 
fluorescent was counted by fluorescence microscopy. 
The values for the infection level shown in the figures except in Fig. 4 are the averages of two or more 
experiments which differed from each other by less than 10%. The trends found in individual experiments were 
reproducible. 
RESULTS AND DISCUSSION 
The infection 
Local lesion assay on C. amaranticolor failed to give reproducible results, although virus 
multiplication could be demonstrated. Samples taken immediately after inoculation did not 
induce lesions in C. amaranticolor. The first infectivity was detected 12 h after inoculation; 
infectivity increased until about 30 h, decreased after 36 h and remained constant at a low level 
at least until 65 h after inoculation. In one experiment protoplast extracts induced 57 lesions/leaf 
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Fig. 1. Electron micrograph of a protoplast infected witn s /NV 67h after inoculation. Mature 
particles are present in the perinuclear space and in the cytoplasm. N, Nucleus; ps, perinuclear space. 
Bar marker represents 1 um. 
30 h and 36 h after inoculation but only 15 lesions/leaf 65 h post-inoculation. When assayed on 
Nicotiana hybrid, infectivity was first detected 16 h after inoculation. 
Electron microscopic examination of ultrathin sections of infected protoplasts provided direct 
evidence for the formation of SYNV particles. Fig. 1 shows numerous mature SYNV particles in 
the perinuclear space and the cytoplasm of protoplasts 67 h post-inoculation. 
The proportion of protoplasts infected was determined by staining samples with fluorescent 
antibody. In infected protoplasts the whole protoplast except the chloroplasts appeared brightly 
fluorescent (Fig. 2). This type of fluorescence was clearly distinguishable from that of 
protoplasts sampled immediately after inoculation, which appeared as numerous small 
fluorescing spots on the outside of the protoplasts, presumably due to adsorbed virus. 
Inoculation according to the standard procedure resulted in 97% of the protoplasts showing 
fluorescence 56 h post-inoculation, whereas controls with mock-inoculated protoplasts showed 
no specific fluorescence at that time. 
Factors affecting infection 
The effects of various factors on the infection of cowpea protoplasts with SYNV were studied 
by determining the proportion of living protoplasts that stained with FITC-conjugated 
antiserum 56 to 66 h post-inoculation. 
Effect of PEG and Ca1* 
Fig. 3(a) shows that infection of cowpea protoplasts depended on the presence of PEG in the 
inoculum. The effect of Ca2+ on the infection was studied using 20% PEG, because at this 
concentration the effect of Ca2+ was most obvious (Fig. 3a). Infection was most stimulated at 
6 mM-CaCl2 (Fig. 3 b). However, we used 3 mM-CaCl2 in the standard inoculation procedure 
because in some preliminary experiments the use of 6 mM-CaCl2 and 40% PEG gave erratic 
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Fig. 2. Protoplasts 56 h after inoculation wi th S Y N V , stained wi th an t i -SYNV serum and F I T C -
labelled anti-rabbit serum. Arrows indicate uninfected protoplasts. 
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Fig. 3. Effect of the concentrations of PEG and C'a :+ in inocula on the percentage of protoplasts 
infected, (a) Protoplasts (3 x 10") were inoculated w i th 60 ug S Y N V without < • ) and w i th ( O ) 3 mM-
CaC l , , using various PEG concentrations. (r>) Protoplasts (2-5 x 10") were inoculated w i th 50 ug 
S Y N V in the presence of various C a C l : concentrations, using 20% PEG ( • ) . Protoplast injury was 
judged from the light microscopic appearance 16 h after inoculation (O) . 
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Protoplasts (3 x 10") were inoculated with various concentrations of SYNV (those before dilution are 
plotted), using 40°; PEG and 3 mM-CaCK. 
percentages of infected protoplasts. Fig. 3(e) also shows an inverse relationship between the 
number of infected protoplasts and the number of undamaged protoplasts. 
There were indications that divalent cations are essential for SYNV infection as they are in 
nearly all membrane fusion processes (Gallaher et al., 1980). Thus, (i) the infection level was 
improved by the addition of CaCl2 to the inoculum (Fig. 3a, b), (ii) the proportion of infected 
protoplasts decreased sharply when inocula contained citrate at around pH 4-75 (Fig. 5), at 
which the second deprotonation of citrate takes place (Armstrong, 1983) and the complexing 
capacity of citrate for divalent cations increases, and (iii) the effect of citrate could be partially 
reversed by adding excess CaCl2 . For example, inocula containing 10 mM-citrate-phosphate 
pH 7-0 and 3 or 38 mM-CaCl2, or 38 mM-CaCK without the buffer infected 10, 43 and 79 % of the 
inoculated protoplasts respectively. 
Our opinion that infection is blocked because complexes form between citrate ions and 
divalent cations is not contrary to the finding that protoplasts were infected by inocula lacking 
CaCl2 (Fig. 3a), because citrate not only complexes bulk divalent cations, but also divalent 
cations that are bound to the polar lipid head groups (Papahadjopoulos, 1968; Shah & 
Schulman, 1967; McLaughlin et al., 1971; Poste & Reeve, 1972) and would therefore affect 
protoplast membranes. 
Effect of SYNV concentration and particle integrity on infect irity 
Inoculation of protoplasts with freshly prepared SYNV in buffer instead of SYNV stored in 
buffer containing 10% DMSO (standard inoculation), did not result in more protoplasts being 
infected. The results obtained by inoculating protoplasts with various concentrations of SYNV 
are shown in Fig. 4. However, when protoplasts were inoculated with a suspension of 
nucleoprotein particles that was as infective as 20 ug intact virus in a local lesion assay, 10% of 
the protoplasts were infected, whereas 60% of the protoplasts were infected by inocula 
containing 20 ug intact virus. This result was confirmed by the finding that when intact virus 
was incubated with 40% PEG for 20 min, a treatment leading to the formation of nucleoprotein 
particles, and then used as an inoculum, the proportion of protoplasts infected was 19% 
compared with 88% with virus not pretreated with PEG. 
Effect of buffer composition and pH 
We studied the effect of adding buffer, in addition to the buffer in the virus preparations, to 
inocula containing 30% PEG. Inoculation without added buffer infected 80% of the protoplasts, 
a value higher than the best result obtained upon inoculation with added buffer (phosphate 
buffer pH 7-5, Fig. 5). Infection with citrate-phosphate buffer at pH values between 6-5 and 8 
yielded strikingly low infection levels as compared to the phosphate-buffered infection at the 
same pH values, the significance of which is discussed above. 
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Fig. 5. Effect of the buffer type and pH in inocula on the percentage of protoplasts infected. Protoplasts 
(3 x 10") were inoculated with 60 ug SYNV, using 30% PEG and 3 mM-CaCl, buffered with 10 miu-
citrate-KOH (O). 10 mM-citrate-10 mM-potassium phosphate (/\), 6 mM-potassium phosphate (D), 
lOmM-Tris HCl («) and 10 mM-glycine-KOH (A). 
Fig. 6. Effect of the inoculum temperature on the percentage of protoplasts infected. Protoplasts (3 x 
10'') were inoculated with 60 ug SYNV, 30% PEG and 3 mM-CaCl2 and kept at various temperatures 
for 20 min before dilution. The proportion of fluorescing protoplasts was determined 48 h after 
inoculation (#) and protoplast injury was judged by microscopic survey 16 h after inoculation (O). 
Effect of temperature during inoculation 
To assess the effect of the temperature during inoculation, we kept protoplast-inoculum 
mixtures (containing 30% PEG) at various temperatures until the 10-fold dilution with mannitol 
at 20 °C. Fig. 6 shows that both the proportion of protoplasts infected and the proportion of 
protoplasts surviving the inoculation were greatest at 20 °C. 
Effect oj incubation time 
In preliminary experiments, using 40% PEG, we tested the effect of keeping inoculation 
mixtures for different times before the 10-fold dilution step. There was no significant difference 
in infection between 10 s and 5 min infection steps, but protoplasts were much damaged by 
incubation for 5 min. Using a less harmful PEG concentration of 30%, it was confirmed that the 
duration of incubation does not significantly affect the infection level. Incubation of protoplasts 
in the inoculum mixture for 0-25, 0-75, 1, 2, 5, 10 or 20 min resulted in percentage infections of 
81, 89, 84, 85, 90, 86 and 88, respectively. 
We tried also to assess the effect of varying the incubation time after the 10-fold dilution step. 
As the time we need to spin down protoplasts (3 min) is the shortest feasible incubation time, we 
tried to reduce the effective incubation time by diluting the inoculum to such an extent that the 
concentrations of both virus and PEG would be close to zero. To this end, 250 volumes of 0-5 M-
mannitol were added to the inoculum immediately after the 10-fold dilution step. Inoculation 
using 30% PEG resulted, after mimicked incubation of 10 s, in 8 1 % infected protoplasts, a value 
very similar to that obtained after 20 min incubation (84%). These results suggest that infection 
is caused by virus particles taken up from inocula within 10 to 15 s of mixing protoplasts and the 
inocula. 
Outlook 
We have described a simple system in which cowpea protoplasts are infected at a high level 
and sustain virus multiplication when inoculated with 60 ug SYNV at room temperature in the 
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presence of 40% PEG and 3 mM-CaCl2, and in the absence of chelating compounds. The 
reproducibility of the system is assured by (i) the availability of suitable protoplast preparations 
at any time of the year, (ii) long-term storage of purified SYNV preparations in liquid nitrogen 
in the presence of a cryoprotectant, and (iii) reliability of the inoculation with PEG. This system, 
providing the advantages of infection of protoplasts over plant tissues, should facilitate the study 
of the replication of SYNV and thereby perhaps reveal to what extent plant and animal 
rhabdoviruses are similar. 
We are particularly grateful to Dr D. Peters for permitting a technical assistant from his team to cooperate in 
this study and for supplying the virus source. We thank Ms G. Rezelman for her patience while teaching us the 
preparation of protoplasts. We also thank Dr J. Vlak for his suggestions concerning the storage of purified virus, 
Dr H. van der Deen for valuable discussions and Dr B. Federici for his help in correcting the English. We are also 
grateful to Professor Dr J. P. H. van der Want for his constant interest and support. 
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The development of Sonchus yellow net virus was studied in ultrathin sections of protoplasts 
sampled at various intervals after inoculation. The sequence of major ultrastructural changes 
consisted of appearance in the nucleus, 10 hr after inoculation, of a granular matrix with coiled 
nucleocapsid strands at its edge, budding of virus particles at the inner nuclear membrane followed 
by the release of virus particles into the perinuclear space and their spread in the endoplasmic 
reticulum. Fusion of viral envelopes with endoplasmic reticulum membranes occurred from 24 hr 
after inoculation and was followed by release of coiled nucleocapsid strands in the cytoplasm. 
Incubation of infected protoplasts in the presence of tunicamycin prevented budding of virus 
particles and cores accumulated in the nucleus. Neither virus particles nor cores were detected in 
t h e Cy top lasm. S 1985 Academic Press, Inc. 
Rhabdovirus assembly in plant hosts 
seems to be restricted either to the nucleus 
(McLeod et al, 1966; Richardson and 
Sylvester, 1968; Martelli and Castellano, 
1970) or to the cytoplasm (Wolanski and 
Chambers, 1971; Vega et al, 1976; Garrett 
and O'Loughlin, 1977) with the exception 
of wheat streak mosaic virus (WSMV) that 
is reported to be assembled both in the nu-
cleus and the cytoplasm (Lee, 1970). Son-
chus yellow net virus (SYNV) accumulates 
in plant hosts in the perinuclear space (Jack-
son and Christie, 1979) and presumably the 
nucleus is the site of assembly of the virus. 
A model for the infection of rhabdovi-
ruses that are assembled in the nucleus has 
been proposed by Francki (1973). In this 
model viral nucleocapsid strands coil into 
core-like structures in the nucleus and move 
towards the nuclear membranes. Then the 
cores acquire their viral envelopes by bud-
ding from the inner nuclear membrane and 
mature virus particles are released into the 
perinuclear space. From there particles are 
1
 Present address: Boyce Thompson Institute for Plant 
Research, Cornell University, Ithaca, N.Y. 14853. 
2
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transported to the enchylema of the endo-
plasmic reticulum and spread through it. 
Since this model is based on ultrastructural 
studies of infected plant tissues in which 
infection is not synchronous it is difficult to 
determine the stage of infection of the cells 
examined. Therefore it is not surprising that 
the model is speculative. 
Infection of protoplasts with SYNV pro-
vides the advantage over infected tissue in 
that the infection is synchronous, hence the 
sequence of sampling represents the se-
quence of stages in the infection process. We 
studied the ultrastructure of infection of 
SYNV by electron microscopy of ultrathin 
sections of protoplasts sampled at various 
time intervals after inoculation. 
A second advantage of the protoplast sys-
tem is the ease by which specific inhibitors 
can be administered. Tunicamycin is a spe-
cific inhibitor of protein glycosylation (El-
bein, 1981) and prevents the glycosylation 
of the SYNV G-protein (van Beek, unpub-
lished results). The nonglycotylated G-pro-
tein of vesicular stomatitus virus (VSV) is 
unable to migrate toward the plasma mem-
brane (Leavitt et ai, 1977; Morrison et al, 
1978) and inhibits the assembly of the San 
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Juan strain of VSV 97 to 99.7% (Gibson et 
al, 1979). In this paper we show that in-
cubation of protoplasts with SYNV in the 
presence of tunicamycin prevents budding 
of virus particles. 
MATERIALS AND METHODS 
The propagation, purification, and storage of the vi-
rus source and the isolation, inoculation and incuba-
tion of cowpea protoplasts were performed as described 
previously (van Beek et ai, 1985). The tunicamycin 
treatment was done by adding 10 jig/ml tunicamycin 
(Lilly Laboratories), 2 and 24 hr after inoculation to 
the incubation medium containing 0.5 to 1 x 106 pro-
toplasts per milliliter. 
Fixing, dehydration, embedding, sectioning and 
staining of samples containing about 4 x 10! proto-
plasts, fluorescent antibody staining, and infection as-
says were done as described earlier (van Beek et at, 
1985). The assays performed on local lesion and sys-
temic hosts included suspensions of infected proto-
plasts and tunicamycin-treated infected protoplasts. 
Healthy protoplasts treated with tunicamycin were used 
as control for lesion induction. Infected protoplasts to 
which 20 Mg/ml tunicamycin was added 43 hr after 
inoculation (4 hr before sampling) served as a control 
for a possible negative effect of tunicamycin on lesion 
formation. 
RESULTS 
Inoculation of protoplasts. Fluorescent 
antibody staining revealed that inoculation 
of cowpea protoplasts by SYNV resulted in 
infection of more than 90% of the living 
protoplasts. Incubation with tunicamycin 
did not affect the number of protoplasts in-
fected or the number of protoplasts surviv-
ing during incubation. 
When assayed on systemic and local le-
sion hosts the suspensions of infected pro-
toplasts 47 hr after inoculation and incu-
bated in the presence or absence of 
tunicamycin were both found highly infec-
tious. The controls included in the infectiv-
ity assays showed no effect of tunicamycin 
on lesion formation and systemic infection. 
Morphology of progeny virus. In ultrathin 
sections of infected protoplasts two forms 
of particles were found. One form was 201 ± 
18 nm long and 67 ± 6 nm wide and was 
seen as a bullet-shaped or bacilliform par-
ticle when sectioned longitudinally. These 
particles bound by a closely fitting mem-
brane are believed to be complete virus par-
ticles (Fig. 1). The second form consisted of 
bullet-shaped structures 191 ± 2 2 nm long 
and 41 ± 2 nm in diameter. They are pre-
sumed to be nucleocapsid strands coiled in 
the form of the inner component of the vi-
rus, henceforth referred to as cores (Fig. 2). 
The cores in transverse section shown in 
Fig. 2 are clear cut and seem to consist of 
two heavily stained layers surrounding an 
electron-translucent axial channel that con-
tains some electron-dense material. In con-
trast, the virus particles in transverse sec-
tion shown in Fig. 1 contain a core within 
their viral envelope that is seen as a vague 
structure. This difference may be caused by 
conformational changes of core-bound pro-
teins. 
With the exception of a particle shown in 
Fig. 3, budding particles were seen com-
pletely enveloped except for the planar end 
of the core. The envelope was continuous 
with the inner nuclear membrane, thus 
leaving the planar end of the particle ex-
posed to the nuclear contents (Figs. 4 and 
5). All except very few budding particles 
seem to have the length of mature virus 
particles. Of the budding particles shorter 
than the average—the most prominent ex-
ample being approximately 125 nm l o n g -
is shown in Fig. 6. Other aberrant forms of 
virus particles, having approximately twice 
the average length, evidently consisted of 
two cores in an end-to-end aggregation (Fig. 
7). 
Development of progeny virus. Particle 
development was observed in sections of 
infected protoplasts sampled at 15 time in-
tervals after inoculation. The first sampling 
was made 7 hr after inoculation and the last 
70 hr. The first ultrastructural changes were 
observed 9 hr after inoculation. At that time 
polysomes increased sharply in number (Fig. 
8) indicating an acceleration of translational 
activity. In the nucleus the first cores were 
found at the edge of granular matrices 10 hr 
after inoculation (Fig. 9). At the same time, 
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FIG. 5. Budding particles 12 hr after inoculation, two of which (arrows) possibly represent intermediate 
stages in the budding process since their lengths are markedly below the average, x 60 000. 
FIG. 6. A budding particle 12 hr after inoculation, considered as an intermediate in the budding process as 
it is approximately 125 nm long, x 80 000. 
FIG. 7. A part of the cytoplasm 56 hr after inoculation, showing a virus particle about twice the average 
length. A core close to the endoplasmic reticulum is indicated with an arrow, x 80 000. 
the first virus particles were also observed 
budding. Later, at all intervals, budding par-
ticles were seen and the presence of cores 
in the nucleus was detected, but not nec-
essarily always at the edge of granular ma-
trices. Accumulation of virus particles in 
the perinuclear space and particles entering 
the lumen of the endoplasmic reticulum was 
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observed 12 hr after inoculation (Fig. 10). 
Thereafter particles that were surrounded 
by loosely fitting membranes appeared in 
the cytoplasm (Fig. 11). These membranes 
were part of the rough endoplasmic retic-
ulum. Cores were detected lying free in the 
cytoplasm 24 hr after inoculation, often very 
close to virus particles scattered throughout 
VAN BEEK ET AL. 
the rough endoplasmic reticulum (Fig. 7). 
Virus particles were also detected in the cy-
toplasm in a position suggesting that they 
bud from endoplasmic reticulum mem-
branes or that they shed their membrane 
releasing the core into the cytoplasm (Fig. 
11). 
The number of particles in the nucleus, 
perinuclear space, and cytoplasm increased 
significantly over the entire sampling peri-
od. Nuclear accumulations of virus particles 
surrounded by a membrane were consid-
ered as part of invaginations of the peri-
nuclear space protruding into the nucleus 
(Fig. 12). In a thin section of a protoplast 
56 hr after inoculation (not shown) the sum 
of the outlines of virus particles was cal-
culated to be ten times the outline of the 
inner membrane still surrounding the nu-
cleus, indicating that assembly of lipid bi-
layer membrane during infection has to be 
of considerable magnitude. 
The granular matrix was present in the 
nucleus in all samples later than 10 hr after 
inoculation. In thin sections this matrix was 
often seen as a round planar structure with 
a hole in the center. Cores were found scat-
tered at the outside as well as at the inner 
side of the matrix (Fig. 9). These observa-
tions suggest that the spatial structure of the 
matrix is that of a ball with a thick wall and 
a hollow center or that it may be a thick 
ring or a thick-walled bowl. 
Effect of tunicamycin on virus assembly. 
To study virus particle formation in more 
detail, protoplasts were incubated in the 
presence of tunicamycin and sections were 
made 24 and 47 hr after inoculation. In both 
samples, cores were found in crystal-like ag-
gregates. Figure 13 shows the granular ma-
trix almost covering the entire nucleus and 
cores located at its edge and near the inner 
nuclear membrane. The cores were identical 
in size with those found in protoplasts not 
treated with tunicamycin (Fig. 14). No bud-
ding virus particles were found and no virus 
particles or cores were detected elsewhere 
in the protoplasts. 
Tunicamycin induced serious deforma-
tions in cytoplasmic membranes and blis-
tering of nuclear membranes (Figs. 13 and 
14). 
DISCUSSION 
In reviewing the results of electron mi-
croscopic investigations of plant rhabdo-
virus infections, Brown and Crick (1980) 
stressed the point that simultaneous infec-
tion is a necessity for obtaining an overall 
picture of the development of infection of 
plant rhabdoviruses. However, after ex-
amining thin sections of infected proto-
plasts sampled at various intervals after in-
oculation, most aspects of the development 
of infection still remained obscure. How-
ever, because of the information obtained 
from thin sections of tunicamycin-treated 
protoplasts some phenomena observed in 
nontreated protoplasts can be interpreted. 
Since tunicamycin not only prevents gly-
cosylation of the G-protein (van Beek, un-
published results), but also induces serious 
FIG. 8. Cytoplasm 10 hr after inoculation showing configuration of ribosomes. x 60 000. 
FIG. 9. Nucleus 11 hr after inoculation containing a granular matrix (gm) with core formation at the inner 
and outer edges, x 45 000. 
FIG. 10. A virus particle entering the endoplasmic reticulum 12 hr after inoculation, x 40 000. 
FIG. 11. Cytoplasm 56 hr after inoculation with groups of virus particles that are bound by loosely fitting 
membranes of the rough endoplasmic reticulum. Cores are seen scattered in the cytoplasm. Of two particles 
(arrows) the viral envelope is a continuation of the endoplasmic reticulum membrane. These particles are 
considered to be fixed just before release of the core into the cytoplasm, x 80 000. 
FIG. 12. Virus particles in the perinuclear space (ps) protruding into the cytoplasm (C) and the nucleus (N) 
67 hr after inoculation, x 20 000. 
FIG. 13. Part of a tunicamycin-treated protoplast 47 hr after inoculation, showing cores aggregated close to 
the nuclear membrane at the edge of the granular matrix (arrows) and deformation of cytoplasmic membranes 
(cm), x 8 000. 
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FIG. 14. Part of the nucleus of a tunicamycin-treated protoplast showing accumulation of cores at the edge 
of the granular matrix (gm) and blistering of the nuclear membrane (nm). x 40 000. 
artifacts on protoplast membranes as has 
been shown in this study, it would be pre-
mature to claim that the absence of glyco-
sylated G-protein in the inner nuclear mem-
brane prevents budding of virus particles. 
Although, budding is prevented by the tuni-
camycin treatment, the transcription repli-
cation, and translation of viral RNA and 
m-RNA seem to be unaffected since large 
masses of cores accumulate in the nucleus. 
Moreover, inoculation experiments proved 
the infectivity of tunicamycin-treated pro-
toplasts. 
Two models are proposed for budding of 
rhabdoviruses. The model of Francki (1973) 
for plant rhabdoviruses which assemble in 
the nucleus is based on the presence of cores 
in the nucleus as reported by earlier authors 
(Kitajima et al, 1969; Rubio-Huertus and 
Bos, 1969). Francki (1973) suggested that 
nucleocapsid strands in the nucleus coil into 
core-like structures preceding budding at the 
inner nuclear membrane. On the other hand 
Peters and Schulz (1975) presented a unify-
ing concept for rhabdovirus morphogenesis, 
in which coiling of the nucleocapsid strands 
and envelopment were supposed to occur 
simultaneously. In their model the presence 
of cores in the nucleus was considered to be 
either a result of refusion of mature particles 
with the inner nuclear membrane whereby 
cores were released into the nucleus, or a 
result of failure in the detachment after the 
budding process with subsequent release of 
the core from its viral envelope. 
We expected to observe either cores in 
the budding process that were partly enve-
loped or budding particles that were partly 
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coiled supporting the models of Francki 
(1973) or Peters and Schulz (1975), respec-
tively. However, such intermediate stages 
seem to be unstable since they were rarely 
found. In our opinion the budding particles 
which are considerably shorter than virus 
particles (Fig. 6) represent these interme-
diate stages of simultaneous coiling and en-
velopment. If this model is accepted, the 
occurrence of cores in the nucleus together 
with the first budding particles, as well as 
the accumulation of cores in the nucleus of 
tunicamycin-treated protoplasts, remains to 
be explained. One of the particles shown in 
Fig. 3 could lend support to the model of 
Francki (1973). However, since two parti-
cles are budding in close proximity, it may 
represent not an intermediate stage in bud-
ding, but a structure in which the envelope 
of one particle is partly stripped as a result 
of mutual interference between the two par-
ticles. Our observation neither exclude nor 
confirm one of the two models proposed 
since on one hand, budding particles of in-
termediate length are observed and, on the 
other, the occurrence of large masses of cores 
in tunicamycin-treated protoplasts is highly 
suggestive for the budding of precoiled cores. 
Our results clearly support the suggestion 
of Francki (1973) that enveloped particles 
enter the lumen of the endoplasmic retic-
ulum which is a continuation of the peri-
nuclear space (Clowes and Juniper, 1968). 
Cores observed free in the cytoplasm may 
originate from nucleocapsid strands being 
transported from the nucleus to the cyto-
plasm, but since such cores were not ob-
served in the tunicamycin-treated proto-
plasts, we conclude that they were released 
in the cytoplasm after fusion of the viral 
envelope with the endoplasmic reticulum. 
Thus the structures shown in Fig. 11 rep-
resent virus particles with envelopes which 
have fused with endoplasmic reticulum 
membrane and whose cores have not yet 
been released into the cytoplasm. The oc-
currence of cores in the cytoplasm to our 
knowledge has not yet been reported in any 
study on tissue infected with rhabdoviruses 
assembled in the nucleus. As pointed out 
by Lee (1967), the diameter of WSMV pre-
vents its passage through plasmodesmata. 
Since this is also the case with SYNV it 
seems possible that release of cores into the 
cytoplasm is related to spread of the virus 
through the plant. However, in this respect 
it should be taken into account that pro-
toplasts unfortunately are artificial entities 
which do not have any cell-to-cell connec-
tions. 
As the viral nucleocapsids are less infec-
tive than virus particles, the release of cores 
into the cytoplasm at the expense of virus 
particles may cause the strong reduction of 
infectivity about 12 days after inoculation 
of plants with SYNV as reported by Jackson 
and Christie (1977). It may also explain the 
decrease in infectivity of protoplasts 33 hr 
after inoculation, as is shown in a previous 
report (van Beek et ai, 1985). 
We are grateful to Professor J. P. H. van der Want 
for stimulating discussions, and the help of Dr. N. 
Singh and Dr. R. R. Granados with the English text is 
acknowledged. 
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SUMMARY 
Festuca leaf streak virus (FLSV), a non-sap-transmissible rhabdovirus which has 
only been found in Festuca gigantea (Gramineae), multiplied in cowpea protoplasts 
inoculated with virus suspensions containing polyethylene glycol. The morphogenesis 
of FLSV particles was studied by electron microscopy. FLSV seemed to be assembled 
in the cytoplasm by simultaneous coiling and envelopment of the nucleocapsid. 
However, particles detached from the host membrane were not observed. Similarities 
with the morphogenesis of particles of Sonchus yellow net virus in cowpea protoplasts 
are discussed. 
Festuca leaf streak virus (FLSV) is considered to be a rhabdovirus because of its morphology 
and its cytopathology (Lundsgaard & Albrechtsen, 1976, 1979). Plant rhabdoviruses are 
assembled either on the inner nuclear membrane or on cytoplasmic membranes; only wheat 
streak mosaic virus is reported to be assembled at both sites (Lee, 1970; Vela & Lee, 1974). The 
infection by rhabdoviruses that assemble in the cytoplasm is often accompanied by the 
occurrence of so-called viroplasms (Wolanski & Chambers, 1971; Conti & Appiano, 1973; 
Toriyama, 1976). Although FLSV induces viroplasm-like structures in the cytoplasm of infected 
cells (Lundsgaard & Albrechtsen, 1979), there is no report of its assembly in the cytoplasm. 
Since no vector of FLSV has been discovered yet (Lundsgaard, 1984) and, like all other 
rhabdoviruses infecting Gramineae (Jackson et al., 1981). FLSV is not sap-transmissible, its 
study has so far been limited to its natural host Festuca gigantea (L.) Vill. 
Recently, protoplasts of cowpea ( Vigna unguiculata) were infected with Sonchus yellow net 
virus (SYNV), a virus which is assembled on the inner nuclear membrane (Van Beek et al, 
1985a, b). Infection of cowpea protoplasts by FLSV would enable the comparison of the 
morphogenesis of this virus with that of SYNV in the same host. Therefore, we have 
investigated the possibility of infecting cowpea protoplasts by inoculation with purified FLSV. 
FLSV was purified from systemically infected leaves of F. gigantea using a method described 
for SYNV (Van Beek et al., 1985a) but using different buffers. Extraction was done in 0-1 M-
glycine-NaOH pH 8 3, containing 0001 M-MgCL and 001 M-Na2SOj, and the virus particles 
were resuspended in 01 M-glycine-NaOH pH 7-4, containing 001 M-MgCL. The virus 
concentration was taken to be the same as the protein concentration, which was determined 
according to Lowry et al. (1951). V. unguiculata plants were grown and protoplasts were isolated 
essentially as described previously (Van Beek et ai, 1985 o). The pellet containing approximately 
3 x 10" freshly isolated protoplasts was suspended in 100 ul virus suspension (30 u.1 FLSV at 2 
mg/ml inO-1 M-glycine-NaOH pH 7-4, containing 0-01 M-MgCK, and 70ulO-8 M-mannitol) and 
kept on ice for about 10 min. Treatment with polyethylene glycol, dilution with 9 vol. mannitol, 
and washing as well as incubation of the inoculated protoplasts were done according to Van 
Beek et al. (1985a). Protoplasts were studied by electron microscopy after fixation, embedding, 
sectioning and staining as described by Rezelman et al. (1982), except that prefixation was in 
t Present address: Boyce Thompson Institute for Plant Research at Cornell University, Tower Road, Ithaca, 
N.Y. 14853, U.S.A. 
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Fig. I. Purified preparation of FLSV negatively stained with phosphotungstate, pH 7. Bar marker 
represents 200 nm. 
Fig. 2. Viroplasm (V) with budding particles at its edge, 26 h after inoculation. Bar marker represents 
250 nm. 
Fig. 3. Two particles, the shorter being in the process of budding from rough endoplasmic reticulum 
membrane, 26 h after inoculation. Bar marker represents 200 nm. 
Fig. 4. Particle budding from cytoplasmic membrane, 26 h after inoculation. Bar marker represents 
200 nm. 
Fig. 5. Particle budding from cytoplasmic membrane, 48 h after inoculation. Arrow indicates 
nucleocapsid material probably connected with the nucleocapsid core. Bar marker represents 100 nm. 
Fig. 6. Cytoplasm with budding particles (arrows) and with particles attached to and engulfed by 
endoplasmic reticulum membranes, 51 h after inoculation. A viroplasm is not present in this section. 
Bar marker represents 500 nm. 
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0-2% glutaraldehyde and 01 M-sodium phosphate, pH 7-5, in 0-5 M-mannitol for 1 h at 4°C. 
Sections were made of protoplast samples taken at 10 intervals, the first at 10 h and the last 72 h 
after inoculation. The specimens were examined with a Siemens Elmiskop 101 or with a Zeiss 
109 electron microscope operating at 60 and 50 kV, respectively. 
Because it was not possible to use bioassays to measure the infectivity of protoplast extracts, 
we scored as infected those protoplasts in which virus particles were detected by electron 
microscopy. The number of protoplasts that contained virus particles varied from experiment to 
experiment and ranged approximately between 15 and 60% of the total number of protoplasts 
which could have supported replication (judged from their condition and integrity in the 
electron microscope). 
In purified suspensions of FLSV, particles contrasted with phosphotungstate were 316 + 
16 nm long and 61 + 2 nm wide. A large number of particles appeared to be damaged during 
purification or preparation for electron microscopy (Fig. 1). The dimensions of particles in thin 
sections were 247 (±9) by 44 (±2) nm. Structures resembling coiled nucleocapsid strands, 
further referred to as cores, were up to 285 nm long and 32 + 2 nm in diameter (Fig. 9). 
Ultrastructural changes in infected protoplasts were first observed 26 h after inoculation, 
when small viroplasms were found and when particles were seen budding from cytoplasmic 
membranes (Fig. 2). Fig. 3 shows two particles, one 105 nm and the other 170 nm long. The 
shorter particle is considered to be in the stage of simultaneous coiling and envelopment. Such 
intermediate stages in the budding process were often observed (Fig. 4, 5, 6, 7). The length of 
such particles ranged from 45 to 215 nm. In Fig. 5 a structure that is suggestive of an unwound 
nucleocapsid strand is visible beyond the coiled and assembled part of a particle. Core structures 
that were partly enveloped and partly protruding into the cytoplasm beyond the membranes 
were never observed. 
Viroplasms that appeared to consist of strands of granular material (Fig. 2, 10) were often 
located near nuclei. Serial sectioning showed that some were hollow. In one sectioned 
protoplast, a viroplasm was found enclosed within a membrane, a phenomenon also seen in 
tissue infected by barley yellow striate mosaic virus (Conti & Appiano, 1973). Budding particles 
were often observed at the edges of viroplasms (Fig. 2,4, 6). Full-length particles were invariably 
found to be attached to host membranes so that envelopment apparently was not succeeded by 
detachment of the host membrane (Fig. 6, 7). 
Cores were observed lying freely in the cytoplasm of protoplasts 34 h after inoculation. They 
seemed to have originated from nucleocapsid strands which had coiled at the edge of viroplasms 
(Fig. 8). These cores seemed to have an affinity for membranes. Most were found close to the 
tonoplast of chloroplast membranes and sometimes were seen between chloroplast and 
cytoplasmic membranes (Fig. 9). 
At later stages of infection, viroplasms often occupied much of the cytoplasm (Fig. 10), but 
virus particles never became abundant. At no stage in infection were any ultrastructural changes 
in the nucleus observed. 
Our results clearly show that FLSV replicates in protoplasts of the dicotyledon V. unguiculata. 
However, inocula of FLSV infected fewer cowpea protoplasts than did inocula of SYNV (Van 
Beek et ai, 19856). It is possible that preparations of FLSV particles contained fewer infective 
particles than preparations of SYNV. Also, the number of FLSV particles formed in each 
infected protoplast was less than the number of SYNV particles formed in cowpea protoplasts 
(Van Beek et al., 1985 b) and less than the number of particles found in cells of F. gigantea leaves 
systemically infected with FLSV (Lundsgaard & Albrechtsen, 1979). The occurrence of massive 
amounts of viroplasm suggests that after the formation of nucleocapsid strands their assembly 
into virus particles is blocked to a greater extent. If so, this may be because FLSV is poorly 
adapted to cowpea as a host. It is known that vesicular stomatitis virus in non-host cells exhibits 
G protein deficiency or altered M protein phosphorylation which may lead to reduced 
multiplication and impaired assembly of these viruses in such hosts (Wyerser ai, 1980; Blondel 
et ai, 1983). 
As we never observed coiled core structures in the stage of budding it is most likely that virus 
particles are assembled by simultaneous coiling and envelopment as are animal rhabdoviruses 
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Fig. 7. Cytoplasm with a planarly sectioned budding particle attached to and engulfed by membranous 
material and cross-sectioned particles engulfed by membranes, 48 h after inoculation. Bar marker 
represents 100 nm. 
Fig. 8. Three partially coiled cores close to a chloroplast (C), 42 h after inoculation. The edge of a 
viroplasm (V) is in the plane of section. Bar marker represents 200 nm. 
Fig. 9. Cores located at the edge of a viroplasm (V) and close to chloroplast and cytoplasmic 
membranes, 42 h after inoculation. Bar marker represents 100 nm. 
Fig. 10. A viroplasm surrounded by cores close to chloroplast membranes and two obliquely sectioned 
virus particles (arrows), 48 h after inoculation. N, Nucleus. Bar marker represents 1 urn. 
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(Murphy & Harrison, 1979). Budding was observed to occur on endoplasmic reticulum 
membranes. Detachment of the virus particles from the membrane as a final step in the 
maturation process does not seem to take place since all particles are found to be attached to and 
engulfed by membranes. The viroplasms found in the cytoplasm of protoplasts infected with 
FLSV seem to be similar to the granular matrices reported to occur in the nucleus of protoplasts 
infected with SYN V (Van Beek et al., 19856). Nucleocapsid strands coil into core-like structures 
which occur at the edges of both viroplasms and granular matrices. We assume that such coiled 
nucleocapsid strands fail to become enveloped, as it is most unlikely that FLSV utilizes two 
different pathways for its assembly. Moreover, Toriyama (1976) found cores in the cytoplasm of 
cells infected with northern cereal mosaic virus and concluded that these cores would not 
acquire an envelope. 
In various reviews of plant rhabdoviruses, authors have stated that there are marked 
differences between the ultrastructure of cells infected with different rhabdoviruses (Francki, 
1973; Brown & Crick, 1980; Jackson et al., 1981). In contrast, we have been struck by the 
similarities between FLSV and SYNV in their morphogenesis in infected cowpea protoplasts, 
except that SYNV is enveloped at the nuclear membrane and FLSV at cytoplasmic membranes 
and that the FLSV particles do not detach after the budding process. 
We thank Dr T. Lundsgaard, Denmark, for kindly providing the virus source, Professor Dr J. P. H. van der 
Want for critically reading the manuscript and Miss Hetty Geitenbeek for typing the manuscript. 
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SUMMARY 
We studied protein synthesis in cowpea protoplasts infected 
with Sonchus yellow net virus (SYNV). The structural viral 
proteins G, N, M^, and M2 were identified by immunoprecipitation. 
In addition, four high molecular weight proteins and two proteins 
(p52 and p38) with molecular weights of 52,000 and 38,000 were 
precipitated. One of the four high molecular weight proteins may 
represent the L protein, the others are possibly aggregates of 
the G protein or its non-glycosylated form. The nature of the 
p52 and the p38 protein is unclear. Structural viral proteins 
first appeared between 8 and 12 h after inoculation. The G 
protein is glycosylated by N-glycosidical linked sugar residues. 
Glycosylation of the G protein could be prevented by incubation 
of the protoplasts with 10 [ig/ml tunicamycin. A protein, 
comigrating with the M^ protein, was labeled with [ P] 
orthophosphate in protoplasts infected with SYNV, but not in 
controls mock-inoculated or inoculated with cowpea mosaic virus. 
INTRODUCTION 
The protein composition of plant rhabdoviruses has been 
studied by several authors (Knudson & MacLeod, 1972; Francki & 
Randies, 1975; Schulz & Harrap, 1976; Ziemiecki & Peters, 1976; 
Jackson & Christie, 1977; Trefzger-Stevens & Lee, 1977; Jackson, 
1978; Dale & Peters, 1981; Falk & Tsai, 1983; Adam & Hsu, 1984; 
El Maataoui et al., 1985). The patterns of proteins that appear 
when the various plant rhabdovirus suspensions are subjected to 
gel electrophoresis can be divided into two groups. One group 
resembles vesicular stomatitis virus (VSV) in protein 
composition, and includes lettuce necrotic yellows virus (LYNV), 
Sonchus virus (SV), maize mosaic virus (MMV), and tomato vein 
yellowing virus (ToVYV). The G, N, and M protein of these viruses 
are easily detected, whereas the detection of the NS and L 
protein is uncertain. The protein composition of viruses of the 
second group corresponds with that of rabies virus. This group 
includes Sonchus yellow net virus (SYNV), sowthistle yellow vein 
virus (SYW), eggplant mottled dwarf virus (EMDV), and potato 
yellow dwarf virus (PYDV). The G, N, M^, and M2 proteins of these 
viruses are, in general, easily detected. 
SYNV has been reported to consist of four major structural 
proteins, several high molecular weight proteins, of which one 
presumably is the L protein, and a protein with an 
electrophoretic mobility slightly faster than that of the N 
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protein (Jackson, 1978; Dale & Peters, 1981). The G protein is 
reported to be glycosylated (Dale & Peters, 1981). 
The development of a system to infect plant protoplasts 
with rhabdoviruses (van Beek et al., 1985a; 1985c) enables the 
study of in vivo protein synthesis. In this communication we 
analyse the proteins synthesized upon infection of protoplasts 
with SYNV and the glycosylation of the G protein. Further, we 
provide evidence for the phosphorylation of the M^ protein. 
METHODS 
Virus and protoplasts. Growing of Vigna unguiculata plants, 
isolation of protoplasts from primary leaves, purification of 
SYNV, polyethylene glycol-mediated infection, and incubation of 
protoplasts has been described previously (van Beek et al., 
1985a). Protoplasts treated in the same way as protoplasts 
inoculated with SYNV, except that virus was omitted from the 
inoculum, served as controls. Protoplasts inoculated with cowpea 
mosaic virus (CPMV) were also used as positive controls. 
Protoplasts inoculated with CPMV were manipulated in the same 
manner as those inoculated with SYNV, except that the inoculum 
consisted of 100 \il 0.5 M-mannitol, containing 5 [il CPMV (12 
mg/ml) in 0.01 M-phosphate buffer, pH 7.0. 
Incubation in the presence of radiochemicals and specific 
inhibitors. Unless otherwise stated, 5 (il incubation medium 
containing either 2 jiCi L-[""S] methionine (1165 Ci/mmol) or 20 
[iCi D-[2- H] mannose (27 Ci/mmol), both from New England Nuclear 
(NEN) (Boston Mass., USA), were added to approximately 10^ 
protoplasts in 0.2 ml incubation medium at 18 and 40 h after 
inoculation. Labeling of phosphoproteins was done by replacing 
0.2 ml incubation medium containing approximately 10^ protoplasts 
with 0.15 ml phosphate-free incubation medium to which 1.5-2 (iCi 
[32P] orthophosphate (NEN) were added, at 17 or 20 h after 
inoculation. 
The inhibitors used were actinomycin D (AMD) (Boehringer, 
Mannheim, BRD) and tunicamycin (Eli-Lilly Laboratories, 
Indianapolis, Ind., USA). The AMD and tunicamycin were added in 
various amounts at various time intervals after inoculation as 
indicated in the text. 
Sodium dodecyl sulphate Polyacrylamide gel electrophoresis 
(SDS-PAGE). Samples of radioactively labeled protoplasts (0.2 
ml, containing approximately 10-3 protoplasts) were harvested at 
46-48 h after inoculation, centrifuged at 60 g for 3 min, and 
the supernatant was discarded. Protoplasts labeled with [ P] 
orthophosphate were subjected to three washes with 0.5 M-mannitol 
to remove unincorporated radioactivity. To the protoplast pellet 
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25 fil detonized H2O, 20 [il four times concentrated lysis buffer 
(10 mM-Tris/HCl, pH 8.0, 1 mM-EDTA, 2% SDS, 10 % glycerol, and 
0.001% bromo phenol blue), and 5 (J.1 2-mercaptoethanol were added 
The samples were boiled for three to five min and then 
centrifugea at 8000 g for 10 min. Twenty jil of the supernatant 
were subjected to electrophoresis on a running gel of 12.5% 
Polyacrylamide with 4% Polyacrylamide in the stacking gel 
according to Laemmli (1970). After electrophoresis, gels 
containing unlabeled material were stained with 0.2% Coomassie 
brilliant blue in a mixture of methanol, glacial acetic acid and 
HoO (30:7:63) for 30 min and destained in this mixture. Gels 
containing [ S ] methionine or [ P] orthophosphate labeled 
proteins were fixed for 30 min in the above mixture and then 
dried on Whatman 3 MM filter paper, by heating under reduced 
pressure. Gels containing [ H] mannose-labeled proteins were 
placed in [-'H] Enhance (NEN) for 30 min and rinsed in water for 60 
min prior to drying as described above. Dried gels were 
fluorographed at -20 or -70°C, using Kodak X-ray films. 
Immunoprecipitation. Immunoprecipitation was done according 
to Vlak et al. (1981) with minor modifications. Briefly, to a 
pellet of approximately 10^ protoplasts, 10 jil H2O and 100 \il 
immunoprecipitation buffer (IPB; 20 mM-Tris/HCl, pH 8.0, 0.4 
M-NaCl, 1 mM-MgCl2, 1 mM-CaCl2, 1.5% Nonidet P-40, and 0.15% 
deoxycholate) were added. This mixture was vigorously shaken and 
30 min later, 5 p.1 antiserum raised against SYNV (titre 1/64), 
diluted 1:10 in IPB, were added. The reaction was allowed to 
proceed for 3 h at room temperature and then overnight at 4^C. 
After adding 10 \il of a suspension of 10% protein A-Sepharose 
(Sigma Chemicals Co.) in IPB, the mixture was incubated on ice 
for 1 h with occasional shaking. The precipitate was washed twice 
with IPB, boiled in lysis buffer, centrifuged at 8000 g for 10 
min and then the supernatant was subjected to electrophoresis as 
described above. 
Incorporation of [ S] methionine and [ H] mannose. After 
incubation in the presence of various amounts of tunicamycin, 
protoplasts (0.15 ml), labeled with [ S] methionine or [ tt] 
mannose, were sedimented, the supernatant was discarded, and the 
protoplasts were washed three times with 0.5 M-mannitol. To the 
final protoplast pellet were added 25 \il H2O, 20 jil of four times 
concentrated lysis buffer and 5 \ll 2-mercaptoethanol. The mixture 
was boiled for 5 min and centrifuged at 8000 g for 10 min to 
remove debris. From the supernatant two aliquots of 5 p.1 were 
taken, each spotted on Whatman 3 MM filter paper and dried in the 
air. One filter, containing free label as well as label 
incorporated in proteins, was placed in a vial with 8 ml Lipoluma 
(Packard). The other filter was used to determine the 
incorporated radioactivity by trichloroacetic acid (TCA) 
precipitation. This filter was washed three times with 10% 
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TCA for 5 min -the second washing done at 100°C- washed twice 
with ethanol for 5 min and once with aether, dried in the 
air, and placed in a vial with 8 ml Lipoluma. Both series of 
filters were counted in a Beekman liquid scintillation counter. 
RESULTS 
Identification of viral proteins. 
Protoplasts inoculated with SYNV and mock-inoculated 
protoplasts were incubated in the presence of [ S] methionine 
and analysed by SDS-PAGE to compare the migration of viral 
proteins synthesized in vivo with that of purified virus. 
Incubation of protoplasts was done in the presence of gentamicin 
or Chlortetracyclin. No differences in protein pattern were 
observed (Fig. 1). Four major proteins, with molecular weights of 
82,000, 56,000, 41,000, and 35,000 (tentatively designated G, N, 
M]_, and M2, respectively), were consistently detected in infected 
protoplasts. These proteins were not present in mock-inoculated 
protoplasts. The electrophoretic mobilities of these proteins 
were similar to those of the G, N, Mj_, and M2 proteins of 
purified SYNV run on a sister gel stained with Coomassie 
brilliant blue (Fig. 1). In addition to these proteins a minor 
protein with a molecular weight of 45,000 (designated p45), which 
was also present in small amounts in purified virus 
suspensions,was distinguished (Fig. 1). Occasionally, a protein 
with a molecular weight of 38,000 (p38) was observed in samples 
of infected protoplasts and not in those of mock-inoculated 
protoplasts (Figs. 2 and 5). A protein, with a molecular weight 
of about 120,000 (designated pl20) and five proteins in the lower 
molecular weight range, designated p22, p20, pl6, pl3, and pl2, 
were sometimes detected in samples of infected protoplasts (Fig. 
1). 
Immunoprecipitates of disrupted protoplasts, that were 
either inoculated with SYNV, or with CPMV, or mock-inoculated, 
were analysed by SDS-PAGE. The proteins with molecular weights of 
82,000, 56,000, 41,000, and 35,000 were precipitated from 
protoplasts inoculated with SYNV, but not from mock-inoculated 
or CPMV-inoculated protoplasts (Fig. 2). These results show that 
these major proteins are of viral origin and, since they 
comigrate with the proteins of purified virions, they will be 
further referred to as G, N, M^, and M2 protein. However, several 
other proteins were consistently precipitated from samples of 
45 
SE 
" I 
GENT CHLTC 
I M I M M I I 
H * 
r 
PE 
1 
GENT CHLTC 
I'M f l lM l l 
w^i P"! 4P( 
'4>. 
nn 
p120 
•N 
•p22 
•p20 
p16 
•p13 
•p12 
Fig. 1. SDS-PAGE analysis of samples from protoplasts incubated 
in the presence of [ S] methionine from 20-48 h after 
inoculation and anunlabeled preparation of purified SYNV stained 
with Coomassie brilliant blue. Protoplasts were incubated 
in the presence of 10 \ig gentamicin (GENT), or 5 (ig 
Chlortetracyclin (CHLTC) per ml incubation medium. Lanes 
indicated with SE were exposed to X-ray film for 1.5 days, and 
those indicated with PE for 6 days. M, mock-inoculation; I, 
inoculated with SYNV; V, purified SYNV suspension. 
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infected protoplasts. In the high molecular weight region a 
prominent band (HMW^), and three less conspicious bands (HMW2, 
HMW3, and HMW4), all migrating slower than the G protein, were 
resolved. Also, a protein with a molecular weight of 52,000 
(p52), as well as the p38 protein were specifically precipitated 
(Fig. 2). The p45 protein, present in SYNV-infected protoplasts, 
IP PS 
IM C n l~c r 
HMW1 
HMW2 
HMW3 
HMW4 
G 
M1 
p38 
M2 
Fig. 2. SDS-PAGE analysis of immunoprecipitates of protoplasts 
(IP), and of samples from protoplasts (PS), both incubated with 
[35S] methionine from 20 to 48 h after inoculation and harvested 
immediately thereafter. Immunoprecipitation was done with 
anti-SYNV serum. M, mock-inoculation; C, inoculated with CPMV; I, 
inoculated with SYNV. 
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was also precipitated from mock-inoculated protoplasts and 
thus, most likely represents a host protein present in purified 
virus preparations. 
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^ ^350S?S"PA°E a n a ly s i s o f samples from protoplasts incubated 
with [ S] methionine 7 h after inoculation. The time interval 
in h from inoculation to harvest is marked above the lanes M 
mock-inoculation; I, inoculated with SYNV. 
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The sequence of appearance of viral proteins. 
As we wished to study the sequence of appearance of viral 
proteins in early stages of infection, attempts were made to 
suppress host protein synthesis. Addition of AMD failed to reduce 
host protein synthesis even when the amount administered and time 
of administration were varied (results not shown). 
fMTimmmirrrimmmfMTi mmrRTi 
—'U*— p^i»1 «flipp*" * 
Fig. 4. SDS-PAGE analysis of samples from protoplasts incubated 
with [ S] methionine for two h prior to harvesting. Time 
interval in h from inoculation to harvest is indicated above the 
lanes. M, mock-inoculation; I, inoculated with SYNV. 
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The sequence of appearance of viral proteins was analysed by 
electrophoresis of protoplast lysates. Lysates were incubated 
with [ S] methionine 7 h after inoculation and sampled each hour 
until 13 h after inoculation (Fig. 3). The N protein was detected 
at 8 h, the M2 protein at 9 h, and the p38 protein at 12 h after 
inoculation. The G and Mj_ protein escaped detection in the first 
13 h after inoculation. In addition, protoplasts, pulse-labeled 
every two h in the interval from 2 to 24 h after inoculation, 
were analysed by electrophoresis. In this experiment, both the N 
and M2 protein were detected at 10 h and the G and M]_ protein at 
12 h, whereas the p38 protein was not seen within 24 h after 
inoculation. Since the first assembly of SYNV particles in 
protoplasts has been observed 10 h after inoculation (van Beek et 
al., 1985b), the structural viral proteins must at least be 
present at that time. 
Thus, apparently, our inability to suppress host protein 
synthesis prevents detection of viral proteins at early times. 
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Fig. 5(a). Fluorograph of samples from protoplasts incubated with 
[ H] mannose (MAN) and with [J5S] methionine (MET) from 18-48 h 
after inoculation, analysed by SDS-PAGE. (fa) SDS-PAGE analysis 
of samples from protoplasts incubated with [35S] methionine and 
various concentrations of tunicamycin (indicated in ng per ml 
incubation medium) from 18-48 h after inoculation. M, 
mock-inoculation; I, inoculated with SYNV. 
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Table 1. Effect of tunicamycin* on the uptake and incorporation 
of [^ 5S] methionine* in mock-inoculated and in SYNV-inoculated 
protoplasts. 
Cone, of Counts (dpm) of ["s] methionine in protoplasts, 
tunicamycin Mock-inoculation SYNV-inoculation 
(^ g/ml) Uptake Incorporation %# Uptake Incorporation %# 
0 199,193 82,321 41.3 204,445 88,324 43.2 
2 190,813 75,260 39.4 190,421 80,510 42.3 
5 144,411 55,579 38.5 210,331 80,832 38.4 
10 202,977 70,663 34.8 206,085 71,769 34.8 
20 147,885 60,554 40.9 207,521 78,742 37.9 
* Tunicamycin is added 11.5 h after inoculation. 
$ Two |iCi [ S] methionine was added to 150 \il incubation 
medium, containing approximately lO-3 protoplasts, 17 h after 
inoculation. Samples were harvested 43 h after inoculation and 
processed as described under Methods. 
# The percentage of radioactivity present in protoplasts that 
is incorporated in TCA-precipitable proteins. 
Glycosylation of the G protein. 
Incubation of protoplasts in the presence of [ H] mannose 
showed that the G protein was glycosylated. No indication was 
found that other viral proteins were glycosylated (Fig. 5a). To 
examine the effect of tunicamycin, a potent inhibitor of 
N-glycosidical glycosylation (Elbein, 1981), on protein synthesis 
and protein glycosylation, we incubated protoplasts with various 
amounts of this drug. While 10 |ig tunicamycin per ml incubation 
medium hardly affected protein synthesis (Table 1), it did 
decrease the level of [ H] mannose incorporated in acid 
precipitable proteins, from 20 to 3.8% (Table 2). We consider the 
residual [ H] mannose to be linked to host proteins by 
O-glycosidical bonds as this linkage is not affected by 
tunicamycin. This experiment also shows that the uptake of 
mannose by protoplasts decreases with increasing amounts of 
tunicamycin in the incubation medium (Table 2). However, the 
uptake of methionine does not seem to be affected by tunicamycin 
(Table 1). 
Figure 5fa shows a decrease in the amount of glycosylated G 
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Table 2. Effect of tunicamycin on the uptake and incorporation 
of [ H] mannose* in mock-inoculated and in SYNV-inoculated 
protoplasts. 
Cone, of 
tunicamycin 
(fig/ml) 
0 
2 
5 
10 
20 
Counts (dpm) of [ H] mannose in protoplasts. 
Mock-inoculation SYNV-inoculation 
Uptake Incorporation %# Uptake Incorporation %* 
587,207 
213,250 
202,817 
151,508 
96,022 
75,571 
10,669 
7,511 
4,125 
3,888 
12.9 815,515 
5.0 378,208 
3.7 194,006 
2.7 253,128 
4.0 192,832 
163,455 20.0 
20,580 5.4 
8,354 4.3 
9,534 3.8 
7,987 4.1 
Tunicamycin was added 11.5 h after inoculation. 
Twenty jiCi [ Ü] mannose was added to 150 |J.l incubation 
medium, containing approximately 10-3 protoplasts, at 17 h 
after inoculation. Samples were harvested 43 h after 
inoculation and processed as described under Methods. 
The percentage of radioactivity present in protoplasts that 
is incorporated in TCA-precipitable proteins. 
protein synthesized during incubation of protoplasts in the 
presence of increasing amounts of tunicamycin. No glycosylated G 
protein could be detected when 10 |ig tunicamycin were present per 
ml incubation medium. We were unable to detect the 
nonglycosylated form of the G protein. 
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Phosphorylation of the Mj protein. 
To examine protoplasts for the occurrence of phosphorylated 
proteins we incubated, in the presence of [ P] orthophosphate, 
protoplasts inoculated with SYNV, and with CPMV, as well as 
mock-inoculated protoplasts. Analysis by SDS-PAGE revealed that a 
protein comigrating with the M]_ protein was labeled in 
protoplasts infected with SYNV and not in either mock-inoculated 
or in CPMV-inoculated protoplasts (Fig. 6). We were not able to 
demonstrate the viral nature of this protein by 
immunoprecipitation. 
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Fig. 6. SDS-PAGE analysis of samples from protoplasts incubated 
with [32P] orthophosphate (PHOS) and [35S] methionine (MET). 
Incubation with the radioactive labels in experiment I was from 
18-46 h after inoculation and in experiment II from 18-42 h after 
inoculation. M, mock-inoculation; I, inoculated with SYNV; C, 
inoculated with CPMV. 
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DISCUSSION 
We have demonstrated that four major viral proteins, G, N, 
M^, and M2, can be detected in protoplasts infected with SYNV. 
Some other proteins were also detected in samples from 
protoplasts infected with SYNV. To elucidate the origin and 
nature of these proteins further study is needed. However, some 
preliminary conclusions may be drawn from this study. 
It is highly unlikely that the high molecular weight proteins 
(HMW;L to HMW^), detected by immunoprecipitation, represent 
precursors of viral protein, as they are not detected at early 
stages of infection. Moreover, the occurrence of five messenger 
RNA species, each of which has the coding capacity for an 
individual viral protein of SYNV, has been reported by Milner 
& Jackson (1983) and Rezaian et al. (1983). Their results suggest 
that the transcriptional strategy of SYNV is similar to that of 
animal rhabdoviruses (Banerjee et al., 1977; Colonno & Banerjee, 
1978; Coslett et al., 1980; Kurath & Leong, 1985) and make the 
existence of precursor proteins, which have to be cleaved after 
translation, unlikely. Sturman (1977) reports the occurrence of 
polymers of glycoproteins of a coronavirus upon analysis by 
SDS-PAGE, and dimers of the G protein of several plant 
rhabdoviruses are detected by SDS-PAGE (Ziemiecki & Peters, 1976; 
Dale & Peters, 1981). Although Gibson et al. (1979) did not state 
whether aggregation existed after protein denaturation with SDS 
and 2-mercaptoethanol, they found that the nonglycosylated G 
protein of VSV aggregates in vitro and they supposed that 
aggregation with N and NS protein occurred. In view of these 
reports it is possible that HMW]_, HMW2, HMW3, and HMW4 represent 
polymers of the G protein or heterogeneous aggregates of 
nonglycosylated G protein. 
Dietzschold et al. (1979) state that the less phosphorylated 
form of the M^ protein of rabies migrates faster than the 
phosphorylated form and Bell & Prevec (1985) estimated the 
difference in molecular weight between the phosphorylated and 
the nonphosphorylated form of the NS protein of VSV to be 3,000. 
The p38 protein is readily precipitated by SYNV antiserum, is 
detected early in the replication cycle, and has a molecular 
weight 3,000 lower than that of the M^ protein. These properties 
indicate strongly that the p38 protein represents a less 
phosphorylated form of the M^ protein. 
Those proteins (N and M2 protein) most heavily labeled upon 
incubation with [ S] methionine from 0 to 46 h after inoculation 
were also the first detected. Therefore, we suppose that the 
sequence of appearance is determined by the amount of 
radioactivity that the proteins contain, rather than that it 
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represents a significant difference in time of appearance 
of the various proteins. 
We showed that the G protein is glycosylated by N-glycosidical 
linkage of residues containing mannose. In a previous report we 
have shown that incubation of infected protoplasts in the 
presence of tunicamycin completely prevented budding of SYNV (van 
Beek et al., 1985b). That the G protein is involved in the 
budding process is substantiated by the results of the present 
study in which we have shown that glycosylation of the G protein 
is completely inhibited by the addition of 10 |ig tunicamycin per 
ml incubation medium. 
In animal rhabdoviruses phosphorylated viral proteins are 
found (Sokol & Clark, 1973; Clinton et al., 1978; Dietzschold et 
al., 1979). The phosphorylated NS protein of VSV can be separated 
into two forms differing in their degree of phosphorylation 
(Clinton et al., 1978; Clinton et al., 1979; Kingsford & Emerson, 
1980). Since the M^ protein of rabies virus also can be separated 
into two forms differing in their degree of phosphorylation, 
Wunner et al. (1985) call the M]^  protein NS, apparently because 
they suppose functional analogy with the NS protein of VSV. 
We showed that the M^ protein of SYNV is phosphorylated, but 
were unable to separate two forms of this protein. The N protein 
of rabies virus also has been reported to be phosphorylated 
(Sokol & Clark, 1973). SYNV belongs to the subgroup of plant 
rhabdoviruses whose protein pattern resembles that of rabies 
virus. No evidence for phosphorylation of the N protein was found 
in this study. 
Acknowledgements. 
Helpful discussions with Dr. P. H. Flore are gratefully 
acknowledged and we thank Dr. J. M. Vlak, Dr. D. Peters, and 
Prof. Dr. J. P. H. van der Want for critically reading the 
manuscript. 
55 
REFERENCES 
ADAM, G. & HSU, H. T. (1984). Comparison of structural proteins 
from two potato yellow dwarf viruses. Journal of General 
Virology 65, 991-994. 
BANERJEE, A. K. , ABRAHAM, G. & COLONNO, R. J. (1977). Vesicular 
stomatitis virus: mode of transcription. Journal of General 
Virology 34, 1-8. 
BELL, J. C. & PREVEC, L. (1985). Phosphorylation sites on 
phosphoprotein NS of vesicular stomatitis virus. Journal of 
Virology 54, 697-702. 
CLINTON, G. M. , BÜRGE, B. W. & HUANG, A. S. (1978). Effects of 
phosphorylation and pH on the association of NS protein with 
vesicular stomatitis cores. Journal of Virology 27, 340-346. 
CLINTON, G. M., BÜRGE, B. W. & HUANG, A. S. (1979). 
Phosphoproteins of vesicular stomatitis virus: identity and 
interconversion of phosphorylated forms. Virology 9, 84-94. 
COLONNO, R. J. & BANERJEE, A. K. (1978). Nucleotide-sequence of 
leader RNA of the New Jersey serotype of vesicular 
stomatitis virus. Nucleic Acid Research 5, 4165-4176. 
COSLETT, G. D., HALLOWAY, B. P. & OBIJESKI, J. F. (1980). The 
structural proteins of rabies virus and evidence for their 
synthesis from separate monocistronic RNA species. Journal 
of General Virology 49, 161-180. 
DALE, J. L. & PETERS, D. (1981). Protein composition of the 
virions of five plant rhabdoviruses. Intervirology 16, 
86-94. 
DIETZSCHOLD, B., COX, J. H. & SCHNEIDER, L. G. (1979). Rabies 
virus strains: a comparison study by polypeptide analysis of 
vaccine strains with different pathogenic patterns. Virology 
98, 63-75. 
ELBEIN, A. D. (1981). The tunicamycins - useful tools for studies 
on glycoproteins. Trends in Biochemical Science 6, 219-221. 
EL MAATAOUI, M. , LOCKHART, B. E. C. & LESEMAN, D.-E. (1985). 
Biological, serological, and cytopathological properties of 
tomato vein yellowing virus, a rhabdovirus in tomato in 
Morocco. Phytopathology 75, 109-115. 
FALK, B. W. & TSAI, J. H. (1983). Physicochemical 
characterization of maize mosaic virus. Phytopathology 73, 
1536-1539. 
FRANCKI, R. I. B. & RÄNDLE S, J. W. (1975). Composition of the 
plant rhabdovirus lettuce necrotic yellows virus in relation 
to its biological properties. In Negative Strand Viruses, 
pp. 223-242. Edited by R. D. Barry & B. W. J. Mahy. New 
York: Academic Press. 
56 
GIBSON, R. SCHLESINGER, S. & KORNFELD, S. (1979). The 
nonglycosylated glycoprotein of vesicular stomatitis virus is 
temperature-sensitive and undergoes intracellular aggregation 
at elevated temperatures. Journal of Biological Chemistry 
254, 3600-3607. 
JACKSON, A. 0. (1978). Partial characterization of the structural 
proteins of Sonchus yellow net virus. Virology 87, 172-181. 
JACKSON, A. 0. & CHRISTIE, S. R. (1977) . Purification and some 
physicochemical properties of Sonchus yellow net virus. 
Virology 77, 344-355. 
KINGSFORD, L. & EMERSON, S. U. (1980). Transcriptional activities 
of different phosphorylated species of NS protein purified 
from vesicular stomatitis virions and cytoplasm of infected 
cells. Journal of Virology 33, 1097-1105. 
KNUDS0N, D. L. & McLEOD, R. (1972). The proteins of potato 
yellow dwarf virus. Virology 47, 285-295. 
KURATH, G. & LE0NG, J. C. (1985). Characterization of infectious 
hematopoietic necrosis virus mRNA species reveals a 
nonvirion rhabdovirus protein. Journal of Virology 
53,462-468. 
LAEMMLI, U. K. (1970). Cleavage of structural proteins during 
the assembly of the head of bacteriophage T4. Nature, London 
227, 680-685. 
MILNER, J. J. & JACKSON, A. 0. (1983). Characterization of viral 
complementary RNA associated with polyribosomes from tobacco 
infected with Sonchus yellow net virus. Journal of General 
Virology 64, 2479-2483. 
REZAIAN, M. A., HEATON, L. A., PEDERS0N, K. , MILNER, J. J. & 
JACKSON, A. 0. (1983). Size and complexity of polyadenylated 
RNA's induced in tobacco infected with Sonchus yellow net 
virus. Virology 131,221-229. 
SCHULZ, M. G. & HARRAP, K. A. (1976). The structural polypeptides 
of sowthistle yellow vein virus (SYW) . Archives of Virology 
50, 173-176. 
S0K0L, F. & CLARK, H. F. (1973). Phosphoproteins, structural 
components of rhabdoviruses. Virology 52, 246-263. 
STURMAN, L. S. (1977). Characterization of a coronavirus. 1 
Structural proteins: effect of preparative conditions on the 
migration of protein in polyacryl amide gels. Virology 77, 
637-649. 
TREFZGER-STEVENS, J. & LEE, P. E. (1977). The structural proteins 
of wheat striate mosaic virus, plant rhabdovirus. Virology 
78, 144-149. 
VAN BEEK, N. A. M. , DERKSEN, A. C. G. & DIJKSTRA, J. (1985a). 
Polyethylene glycol-mediated infection of cowpea protoplasts 
with Sonchus yellow net virus. Journal of General Virology 
66, 551-557. 
57 
VAN BEEK, N. A. M., LOHUIS, D., DIJKSTRA, J. & PETERS, D. 
(1985b) . Morphogenesis of Sonchus yellow net virus in cowpea 
protoplasts. Journal of Ultrastructure Research 90, 294-303. 
VAN BEEK, N. A. M. , LOHUIS, D., DIJKSTRA, J. & PETERS, D. 
(1985c). Morphogenesis of Festuca leaf streak virus in 
cowpea protoplasts. Journal of General Virology, 66, 2485-2489. 
VLAK, J. M., SMITH, G. E. & SUMMERS, M. D. (1981). Selection and 
in vitro translation of Autographa californica nuclear 
polyhedrosis virus mRNA. Journal of Virology 40, 762-771. 
WUNNER, W. H., DIETZSCHOLD, B., SMITH, C. L., LAFON, M. & GOLUB, 
E. (1985). Antigenic variants of rabies with altered 
glycosylation sites. Virology 140, 1-12. 
ZIEMIECKI, A & PETERS, D. (1976). The proteins of sowthistle 
yellow vein virus: characterization and location. Journal of 
General Virology 32, 369-381. 
58 
Chapter VI General discussion and summary 
The advantages of protoplast systems for plant virus research 
have been frequently reviewed (Zaitlin & Beachy, 1974; Takebe, 
1975; Muhlbach, 1982; Sander & Mertens, 1984). Relatively 
little attention has been given to the limitations of such a 
system. 
Protoplasts do not exist under natural conditions. They 
lack a rigid cell wall and cell-to-cell connections are absent. 
Protoplasts are maintained in media that differ from the milieu 
in plant tissue with respect to nutrient composition, hormone 
balance, and, most importantly, tonicity. Several authors have 
documented the effects of osmotic stress in protoplasts of 
various sources (Lazar et al., 1973; Prevecz et al., 1978; Fleck 
et al., 1982; Meyer & Aspart, 1983). These effects include 
altered nucleic acid and protein synthesis. Lazar et al. (1973) 
reported a more than ten-fold increase in RNase level upon 
protoplasts isolation. Although no reports have appeared that 
document effects of the altered physiological state of 
protoplasts on virus multiplication, extrapolation from the level 
of protoplast to plant must be done with caution. 
Our studies on Sonchus yellow net virus (SYNV) and Festuca 
leaf streak virus (FLSV) have been carried out with the aid of 
protoplasts, derived from the cowpea plant, a non-host for these 
viruses. Thus, our studies certainly are subject to the above 
stated limitations. 
In Chapter II we report on the infection of cowpea protoplasts 
with SYNV. The infection is mediated by polyethylene glycol, a 
compound that induces membrane fusion. Viral replication was 
demonstrated by the results of a biological assay, and it was 
shown that over 90% of the living protoplasts could be infected. 
Those SYNV particles, from which the envelope was removed, were 
much less efficiently introduced in protoplasts, indicating that 
fusion of viral envelope and protoplast membrane was an important 
mechanism for introduction. Conditions during the inoculation 
procedure were optimized. We showed that infection was blocked 
when a divalent cation chelating compound was included in the 
inoculation medium. 
A description at the ultrastructural level of the subsequent 
stages in the infection of cowpea protoplasts by SYNV is 
presented in Chapter III. The model for the budding process given 
by Francki (1973) is disputed. We observed virus particles in 
intermediate stages of budding that are highly suggestive for a 
simultaneous occurrence of coiling and budding as predicted by 
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Peters & Schulz (1975). Budding of precoiled nucleoprotein 
strands as hypothesized by Francki (1973) was never observed. 
Budding of virus particles was prevented by tunicamycin. 
This led to the accumulation of massive amounts of coiled 
nucleoprotein strands and granular material in the nucleus. 
These structures were not seen in the cytoplasm, providing 
evidence that the inner nuclear membrane is the only site of 
assembly of SYNV. 
At later stages in infection, coiled nucleoprotein strands 
were observed free in the cytoplasm. They were shown to originate 
from mature particles as a consequence of fusion of their 
envelope with the endoplasmic reticulum membrane, followed by 
the release of the coiled nucleoprotein strand in the cytoplasm. 
The significance of these structures with respect to the decrease 
in infectivity of plant tissue and protoplasts in later stages 
of infection, and with respect to spread of the virus from 
cell-to-cell, is also discussed. 
In Chapter IV we show morphological stages of FLSV particles 
in cowpea protoplasts. Replication cannot be demonstrated 
formally since this virus has not been transmitted mechanically 
and a vector has not yet been identified. Thus, the infection of 
cowpea protoplasts with FLSV, until now only found in the 
monocotyledon Festuca gigantea has merits of its own. 
FLSV assembles at intracytoplasmic membranes. Striking 
similarities were noticed between the processes occurring in the 
cytoplasm of FLSV-infected protoplasts and those occurring in 
the nucleus of SYNV-infected protoplasts. 
A study on the protein synthesis of SYNV is presented in 
Chapter V. Four out of five structural proteins of SYNV (G, N, 
R]_ and M2) were detected in infected protoplasts by gel 
electrophoresis of immunoprecipitates. The L protein could 
not be identified. The M^ protein was shown to be phosphorylated 
and a polypeptide with a molecular weight of 38,000 was presumed 
to represent a less phosphorylated form of the M^ protein The G 
protein was proven to be glycosylated by N-glycosidical linked 
residues. The addition of 10 |ig tunicamycin per ml incubation 
medium prevented glycosylation without markedly affecting protein 
synthesis. A nonglycosylated form of the G protein was not 
detected. 
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Samenvatting 
"Sonchus yellow net virus" (SYNV) en "Festuca leaf streak 
virus" (FLSV) behoren tot de rhabdovirussen. Rhabdovirussen en 
reovirussen vormen de enige virusfamilies waartoe zowel leden 
behoren die gewervelde dieren als die welke planten kunnen 
infekteren. Rhabdovirussen hebben een enkelstrengig, lineair 
ribonucleïnezuur-(RNA)-genoom met een negatieve polariteit, 
bevatten vijf eiwitten en zijn omgeven door een membraan. Vanwege 
hun karakteristieke vorm en struktuur zijn rhabdovirussen 
gemakkelijk te herkennen in elektronenmikroskopische preparaten. 
Er zijn dan ook zeer veel studies aan rhabdovirussen in 
planteweefsel verricht. 
De komponenten van sommige planterhabdovirussen zijn met 
behulp van fysische en biochemische technieken goed 
gekarakteriseerd. Elektronenmikroskopische en biochemische 
onderzoekingen hebben echter niet geleid tot een gefundeerd 
beeld van de processen, in hun onderlinge samenhang, die optreden 
bij de vermenigvuldiging van planterhabdovirussen. Een 
belangrijke oorzaak hiervan is dat een systeem, waarin grote 
hoeveelheden cellen tegelijkertijd kunnen worden geinfekteerd, 
niet beschikbaar was. Geïsoleerde planteprotoplasten zijn 
geschikte kandidaten voor een dergelijk systeem. 
Het doel van het in dit proefschrift beschreven onderzoek 
was, om met behulp van protoplasten, de morfogenese van 
planterhabdovirussen op te helderen. We hebben dit doel proberen 
te bereiken door de volgorde en de plaats in de cel van stadia 
van de morfogenese van SYNV en FLSV in protoplasten van "cowpea" 
(Vigna unguiculata) met de elektronenmikroskoop te volgen, en 
deze waarnemingen, indien mogelijk, met biochemisch onderzoek 
naar de nucleïnezuur- en eiwitsynthese te ondersteunen. Kennis 
omtrent deze processen bij planterhabdovirussen ontbreekt echter 
nagenoeg. Het onderzoek naar de RNA-synthese is niet afgerond, 
maar een studie van de eiwitsynthese is opgenomen in dit 
proefschrift. 
Hoofdstuk II handelt over de infektie van "cowpea"-
-protoplasten met SYNV. De infektie werd mogelijk gemaakt door 
polyethyleenglycol, een stof die in staat is membraanfusie te 
induceren. Met een biologische test werd aangetoond dat er 
virusvermenigvuldiging in de protoplasten plaatsvond. Meer dan 
90% van de levende protoplasten bleek te zijn geinfekteerd. 
SYNV deeltjes waaraan het membraan ontbrak werden in geringe 
mate door protoplasten opgenomen, hetgeen aangeeft dat de fusie 
tussen virus- en protoplastmembraan een belangrijk mechanisme 
voor de opname van virusdeeltjes is. De optima van de 
verschillende omstandigheden tijdens de inokulatie zijn bepaald. 
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We hebben aangetoond dat de infektie geblokkeerd werd door de 
aanwezigheid van een chelerend agens voor bivalente kationen. 
In hoofdstuk III worden de opeenvolgende stadia, die tijdens 
de infektie worden doorlopen, beschreven aan de hand van 
elektronenmikroskopisch onderzoek. Het bestaande model voor het 
proces waarbij virusdeeltjes in gastheermembraan worden 
ingesloten ("budding"), wordt aangevallen. Onze waarnemingen 
ondersteunen dit model niet, aangezien wij geen gespiraliseerde 
RNA-eiwitkomplexen aantroffen die waren gefixeerd in het 
"budding" proces, maar wel deeltjes die zeer waarschijnlijk 
tijdens het spiraliseren een membraan verwierven. 
"Budding" van virusdeeltjes kon worden voorkomen met 
tunicamycine; na toediening van deze stof werd ophoping van grote 
hoeveelheden RNA-eiwitkomplexen en granulair materiaal in de 
kern gekonstateerd. Dergelijke strukturen werden niet in het 
cytoplasma gevonden, hetgeen de konklusie rechtvaardigt dat het 
virus aan het binnenste kernmembraan wordt geassembleerd. 
Gespiraliseerde RNA-eiwitkomplexen werden in latere stadia 
van de infektie vrij liggend in het cytoplasma waargenomen. We 
hebben aangetoond dat deze komplexen ontstaan uit rijpe 
virusdeeltjes tengevolge van fusie tussen de membranen van 
het endoplasmatisch reticulum en het virus, waarna het 
RNA-eiwitkomplex wordt uitgestoten in het cytoplasma. We 
bediskussiëren het belang van deze strukturen in verband met de 
afname in infektiositeit van planteweefsel en protoplasten 
laat in de infektie, en ook in verband met de verspreiding van 
het virus door de plant. 
In hoofdstuk IV worden FLSV deeltjes in verschillende stadia 
van hun morfogenese in "cowpea"-protoplasten getoond. De 
vermenigvuldiging van dit virus kan niet bewezen worden aangezien 
dit virus mechanisch niet over te brengen is en een insekt dat 
het virus verspreidt nog niet is gevonden. Het introduceren van 
dit virus, dat alleen in het gras Festuca gigantea wordt 
aangetroffen, in "cowpea"-protoplasten is dan ook op zichzelf van 
waarde. FLSV wordt geassembleerd aan membranen in het cytoplasma. 
Opvallende overeenkomsten werden gevonden tussen processen, die 
zich bij FLSV in het cytoplasma afspeelden en processen, die bij 
SYNV in de kern plaatsvonden. 
Hoofdstuk V bevat een studie naar de eiwitsynthese van SYNV 
in "cowpea"-protoplasten. Van de vijf strukturele SYNV eiwitten 
konden er vier (het G, N, M]^  en M2 eiwit) in protoplasten worden 
aangetoond door gelelektroforese van immuunprecipitaten. Het M^ 
eiwit was gefosforyleerd en waarschijnlijk was een eiwit met een 
molecuulgewicht van 38.000 de niet gefosforyleerde vorm ervan. 
We hebben aangetoond dat het G eiwit geglycosyleerd is via een 
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N-glycosydale oligosaccharidegroep. De glycosylering kon worden 
verhinderd door 10 [ig tunicamycine per ml inkubatlemedium toe te 
voegen. Onder deze omstandigheden werd de eiwitsynthese niet 
geremd. Een niet geglycosyleerde vorm van het G eiwit werd niet 
gevonden bij analyse door gelelektroforese. 
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